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ABSTRACT 
Panitan Jutaporn: Relationship between organic fouling of polyvinylidene fluoride (PVDF) 
ultrafiltration (UF) membranes and the fluorescence signature of dissolved organic matter in raw 
and pretreated feed waters 
(Under the direction of Orlando Coronell) 
The overall objective of this study was to elucidate the relationship between the dissolved 
organic matter (DOM) fractions that cause ultrafiltration (UF) membrane fouling, those that are 
present in feed waters, and those that are removed by pretreatment processes across a range of 
water sources. 
To achieve this overall objective, the following specific objectives were pursued: (i) to 
investigate the relationship between DOM removal by various pretreatment processes and the 
associated UF fouling reduction; (ii) to evaluate whether fluorescence excitation-emission 
matrices (EEMs) can be used as a tool to predict the capability of a pretreatment process to 
reduce fouling; (iii) to evaluate whether EEM coupled with parallel factor (PARAFAC) analysis 
can be used as a predictor of fouling potential of feed waters. The pretreatment processes 
evaluated were coagulation (alum and ferric chloride), powder activated carbon (PAC) 
adsorption, chlorine pre-oxidation with sodium hypochlorite, and ion exchange by MIEX resin. 
Fouling tests were performed using a polyvinylidene fluoride (PVDF) hollow-fiber UF 
membrane and a group of eight water sources with a broad range of water qualities.  
The results and analyses support the following major conclusions: (i) microbial protein-
like DOM is a more important contributor to fouling than terrestrial DOM, relative to their 
	 iv 
respective abundance in source waters; (ii) in terms of fouling reduction, alum and ferric chloride 
coagulation were the most effective pretreatment processes, MIEX was moderately effective, and 
PAC adsorption and chlorine pre-oxidation were the least effective; (iii) fouling reduction was 
strongly correlated with the reduction of microbial DOM in foulant layers; and (vi) the 
fluorescence of microbial DOM at excitation-emission coordinates of 250(280)/352 (nm/nm) 
was significantly correlated to the UF membrane fouling potential of a variety of water sources 
before and after a variety of pretreatment processes. 
Overall, pretreatments that are effective in removing protein-like DOM are well suited 
toward UF membrane fouling reduction. The high predictive power of EEM coupled with 
PARAFAC analysis suggests that they are an effective tool for quantifying the fouling potential 
of source waters. 
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CHAPTER 1: INTRODUCTION 
1.1 BACKGROUND AND MOTIVATION  
1.1.1 Ultrafiltration membranes in drinking water treatment 
The application of ultrafiltration (UF) membranes in drinking water treatment has 
accelerated over the past decade (Huang et al., 2009; Jacangelo et al., 1998). UF membranes can 
effectively remove microbial and particulate contaminants with relatively low energy 
consumption, typically operating at transmembrane pressures (TMP) lower than 1 to 2 bar (14.5-
29.0 psi) (Huang et al., 2009). Compared to conventional media filtration, membrane filtration 
has the advantages of having a smaller foot-print, being a physical barrier with a specific pore 
size or molecular weight cut-off, and providing constant permeate water quality (Arviv et al., 
2002; Cote et al., 2001). Use of UF technology in water purification has proven to produce 
permeate waters that exceed current regulations for turbidity, and for Giardia and virus removal 
(Laîné et al., 2000). 
UF membranes used for drinking water treatment applications are porous polymeric 
materials that allow water to pass through and reject contaminants that are larger than the 
membrane pores. Polyvinylidene fluoride (PVDF) is one of the most commonly used UF 
membrane materials due to its outstanding properties including thermal stability, acid and 
oxidant resistance, and excellent mechanical strength (Ji et al., 2015). UF membranes can be 
fabricated in either flat sheet or hollow fiber configurations. The hollow fiber configuration (see 
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Figure 1.1) is most commonly used in full scale water treatment plants (Howe et al., 2007). 
Hollow fiber membranes can be immersed directly in untreated water and are operated under low 
vacuum pressure drawing clean permeate through the fibers in an outside-in pattern. All 
particulates larger than the membrane pore size remain on the outside and the clean permeate 
water flows into the fiber lumen (i.e., hollow space inside).  
 
Figure 1.1. (a) Photo of hollow fiber membranes and (b) diagram of the operation of an outside-
in hollow fiber membrane under vacuum pressure. 
UF membranes are very effective at removing suspended solids, simplifying the 
conventional water treatment train by replacing coagulation, flocculation, and sedimentation 
processes (Lee et al., 2004). Membrane filtration systems also reduce the system footprint, 
construction, chemical consumption, and energy costs, and increase the capability of the system 
to handle a wide range of feed water quality fluctuation (Zularisam et al., 2006). However, a 
major limiting factor that constrains the implementation of UF membranes in water treatment 
systems is membrane fouling (Huang, et al., 2009; Zularisam et al., 2006). Fouling occurs when 
organic or inorganic particles and/or microorganisms deposit on the membrane surface or into 
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the membrane pores which leads to permeate water flux decline over time (Carroll et al., 2000). 
One of the most important foulants on UF membranes, when used to treat surface water and 
wastewater, is dissolved organic matter (Gao et al., 2011; Howe & Clark, 2002; Zularisam et al., 
2006).  
1.1.2 Dissolved organic matter (DOM) in the aquatic environment 
Organic matter in water comprises a wide range of organic compounds, including 
aromatic and aliphatic molecules with a variety of functional groups. Dissolved organic matter 
(DOM) is defined as the fraction of organic matter that passes a filter (0.1–0.7 µm) (Mostofa et 
al., 2013), while the particulate organic matter remains on the filter. Humic substances 
(hydrophobic fraction), such as humic and fulvic acids, account for approximately 50% of DOM 
in natural waters (Leenheer and Croué, 2003; McKnight et al., 2003). The hydrophilic fraction 
(i.e., polysaccharides, amino acids, proteins, etc.) and transphilic fraction (i.e., the relatively 
hydrophilic aliphatic acids) of DOM account for 25–40% and < 25%, respectively, of the DOM 
pool in natural water (Thurman 1985; Zularisam et al., 2006). DOM is found in all natural 
surface and ground waters, as well as in source and treated waters in drinking water and 
wastewater treatment plants.  
The quantity and characteristics of DOM have a significant influence on the selection, 
design, and operational parameters used in water treatment. Reduction of DOM content in water 
treatment is desirable because DOM is a source of undesirable taste, color, and odor (Carroll et 
al., 2000; Matilainen et al., 2010), and the presence of DOM increases coagulant demand in 
drinking water treatment plants (Croué et al., 1999; Matilainen, et al., 2010). Also, the reaction 
of DOM with chlorine during the disinfection process leads to formation of halogenated 
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disinfection by-products (DBPs), some of which can potentially cause cancer and have other 
toxic effects in humans (Singer, 1999; Kim & Yu, 2005; Sharp, et al., 2006). DOM has also been 
identified as a key foulant of UF membranes used to treat surface water and wastewater, with 
numerous studies demonstrating that the DOM in feed waters is responsible for the loss of water 
permeability and the decline in permeate flux (Fan et al., 2001, 2002; Gao et al., 2011; Gary and 
Cho, 1999; Howe and Clark, 2002; Huang et al., 2009; Huang et al. 2007; Kaiya et al. 1996; Lee 
et al., 2005; Lee et al., 2004; Zularisam Iet al., 2006) 
1.1.3 Membrane fouling by DOM 
Membrane fouling is a process where solutes or particles deposit on a membrane surface 
or into membrane pores in a way that affects membrane performance, in particular causing water 
flux decline (Gao et al., 2011; Zularisam et al., 2006). Fouling is considered the most limiting 
factor for membrane application, and it leads to decreased water productivity, increased cleaning 
frequency, and increased operational costs (Cheryan, 1998). UF membranes can be fouled by 
particulate matter as it forms a cake on the membrane surface and by DOM as it deposits at the 
membrane surface or within the membrane pore (Carroll et al., 2000). Current UF systems come 
with features that aid in membrane cleaning for particulate fouling, e.g. air scouring and 
automatic hydraulic back-washing (Cote et al., 2012; Cote et al., 1998). DOM fouling is more 
difficult to remove, requiring both hydraulic and chemical cleaning.  
Many studies have investigated membrane fouling by various fractions of organic matter 
in natural and artificial waters. Overall, studies indicate that hydrophilic and/or neutral DOM 
with high molecular weight is the major fraction causing fouling. For example, Bessiere et al. 
(2009); Carroll et al. (2000); Fan et al. (2002); and Lee et al. (2004) reported that the neutral 
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hydrophilic fraction of DOM is a major component of foulant layers. Lee et al. (2004) indicated 
that the macromolecules of the hydrophilic DOM fraction are likely key foulants on MF and UF 
membranes, because these compounds are successfully rejected by the membranes. Organic 
colloids have also been found to be important membrane foulants that contribute to significant 
flux decline (Howe & Clark, 2002; Lee et al., 2006), and high-molecular weight components 
were found to cause more fouling than smaller materials (Howe & Clark, 2002). Fan (2008) 
reported that hydrophilic components of very high-molecular weight, such as soluble microbial 
products and protein-like organic matter, were the major membrane foulants.  
Although the major foulants of UF membranes have been identified, it is not possible to 
estimate the fouling potential of a specific water based on commonly measured water quality 
parameters, such as dissolved organic carbon (DOC) and ultraviolet absorbance at 254 nm 
(UVA254). This is in part because most studies related to the evaluation of fouling potential using 
lab or pilot scale filtration experiments have been conducted using few water sources. As a 
result, a quantitative understanding of the relationship between water quality and fouling has not 
been developed.  
Not many studies have focused on determining quantitative correlations between water 
quality parameters and fouling potential. A study by Filloux et al. (2012) observed a correlation 
between the fouling rate and biopolymer content of feed water. Henderson et al. (2011) observed 
a correlation between hydraulic resistance of UF membranes and fluorescence intensity of the 
protein-like component in domestic wastewater. The results from these studies suggest that 
biopolymer and protein fractions are potential feed water parameters that could be used for 
estimating membrane fouling potential. 
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1.1.4 Pretreatment for DOM Removal and fouling reduction 
The identification of DOM as a major foulant to UF membranes has a major influence on 
the selection, design, and operation of pretreatment strategies to control fouling for UF 
membrane filtration systems. Various pretreatment processes (e.g. coagulation, adsorption, 
chemical oxidation, and magnetic ion exchange (MIEX) resin) are commonly employed in 
membrane drinking water treatment plants to enchance removal of aquatic contaminants and to 
reduce membrane fouling (Cui and Choo, 2014; Gao et al., 2011; Huang et al., 2009). Previous 
studies have investigated the effect of different pretreatments (one or a combination of them) on 
DOM removal and membrane fouling reduction. 
1.1.4.1 Coagulation, flocculation, sedimentation (conventional pretreatment) 
Coagulation and flocculation followed by sedimentation, referred to as conventional 
pretreatment, is the most commonly used combination of pretreatment technologies in full-scale 
membrane water treatment plants with respect to organic matter removal (Matilainen et al., 
2010) and low-pressure membrane fouling reduction (Huang et al., 2009). In coagulation, 
negatively charged DOM molecules are removed by forming metal-DOM complexes that 
subsequently precipitate. Coagulation has been reported to successfully reduce fouling of 
membranes in the filtration of surface waters (Carroll et al., 2000; Howe et al., 2007; Konieczny 
et al., 2009). However, another study reported that coagulation did not always reduce UF 
membrane fouling (Maartens et al., 1999). Ineffective UF fouling reduction by coagulation may 
have been due to poor removal of neutral hydrophilic compounds (Carroll et al., 2000; Chen et 
al., 2007; Chow et al., 2009) which were found to have higher fouling potential than other DOM 
fractions (Fan et al., 2002). Carroll et al (2000) reported that alum coagulation resulted in lower 
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rates of fouling compared to untreated raw water. Humbert et al. (2007) studied the combination 
of coagulation and ion exchange resin for UF membrane pretreatment and found that this 
combination only slightly improved the removal of DOC compared to ion exchange alone, but it 
significantly reduced the fouling of the UF membrane.  
1.1.4.2 Powder activated carbon (PAC) 
PAC is the most frequently studied adsorbent used as a pretreatment for membrane 
filtration (Huang et al., 2009; Kim et al., 2008). PAC is known for its good removal of organic 
aquatic contaminants via adsorption. The factors that affect the capability of PAC to remove 
organic contaminants include PAC type and dose, the properties of the DOM in solution, and the 
competition of other aquatic constituents with DOM molecules for adsorption sites in the PAC 
particles. (Huang et al., 2009) 
Evidence on the capability of PAC to reduce membrane fouling is contradictory. While 
most studies report that PAC pretreatment reduces fouling of low-pressure membranes 
(Campinas and Rosa, 2010; Kim et al., 2008; Konieczny & Klomfas, 2002; Zhang et al., 2011), 
other studies report that PAC addition to the feed has no effect on the membrane permeate flux 
(Carroll et al., 2000; Mozia and Tomaszewska, 2004) or that adding PAC caused more severe 
membrane fouling (Lee et al., 2000; Lin et al., 1999; Zhao et al., 2005). For example, while 
Zhang et al. (2011) reported significant fouling mitigation by addition of PAC in an immersed 
UF system, Lee et al. (2000) claimed that aggregates of humic acid and PAC caused an adverse 
effect on permeate water flux. Also, PAC was found to be less effective in removing humic 
substances with apparent molecular weight greater than 17,000 Da, which was the fraction that 
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caused the highest UF flux decline (Lin et al., 1999). Kim et al. (2008) found that PAC adsorbed 
non-fouling molecules preferentially over molecules that fouled a UF membrane. 
1.1.4.3 Chemical oxidation 
Pre-oxidation has been found to be effective at reducing organic fouling of low-pressure 
membranes (Huang et al., 2009; Liang et al., 2009). Oxidants such as permanganate, ozone, and 
chlorine oxidize DOM and change its size distribution, and thus affect its contribution to 
membrane fouling. Pilot-scale UF membrane tests with algae-rich water showed that algae 
fouling could be controlled by combined use of permanganate and chlorine (Heng et al., 2008). 
The ability of chlorine to reduce the size of colloidal particles accounted for its ability to reduce 
fouling of UF membranes (Ha et al., 2004). Oxidants also oxidize inorganic ions such as 
manganese (Choo et al., 2005; Ellis et al., 2000), and this may result in adverse fouling effects. 
For example, it was reported that the addition of chlorine led to an increase in manganese 
removal by UF membranes, but it also caused more serious membrane fouling by oxidized 
manganese (Chae et al., 2008; Choo et al., 2005). These contrasting findings among previous 
studies suggests that pre-oxidation is not always effective in fouling reduction. 
1.1.4.4 Magnetic ion exchange (MIEX) resin 
A new technology that was developed specifically to remove DOM from water is MIEX 
resin. MIEX is a strong base anion-exchange resin with magnetic properties and a small resin 
bead size. The magnetic properties make the resin beads act as weak individual magnets 
(Slunjski et al., 2000; 2002), which enhances particle agglomeration and facilitates rapid particle 
settling (Boyer and Singer, 2006). The small resin beads provide high surface areas that enhance 
DOM removal kinetics and regeneration capacity (Drikas et al., 2011; Johnson and Singer, 
	 9 
2004). MIEX resin has been proven effective in removing DOM, including trihalomethane 
(THM) and haloacetic acid (HAA) precursors, from a broad range of source waters (Boyer & 
Singer, 2005; Fearing et al., 2004; Hammann et al., 2004; Singer & Bilyk, 2002), and in reducing 
the coagulant dose needed in enhanced coagulation processes (Huang et al., 2012; Humbert et 
al., 2007; Singer & Bilyk, 2002). The affinity of MIEX resin for DOM with high charge density 
was found to be higher than that for DOM with low charge density (Boyer et al., 2008). MIEX 
was reported to be more effective than coagulation in DOM removal (Boyer and Singer, 2005; 
Fearing et al., 2004), which is explained by the ability of MIEX to remove low molecular weight 
hydrophilic DOM that is resistant to coagulation (Humbert et al., 2005; Singer and Bilyk, 2002). 
Some studies reported that MIEX pretreatment can reduce fouling in MF and UF 
membranes (Zhang et al., 2006, 2008), and improved the lifetime of membranes used to filter 
river water (Dixon et al., 2010). Recent long-term fouling studies also found that MIEX-treated 
effluent fouled membranes less when compared to untreated secondary effluent (Myat et al., 
2013; 2014). By contrast, other studies reported only minor improvement or no change in flux 
decline after MIEX pretreatment (Fabris et al., 2007; Humbert et al., 2007; Son et al., 2005).  
1.1.4.5 Current understanding of fouling reduction by pretreatment processes 
The above-mentioned studies investigated the effect of various pretreatment technologies, 
or their combinations, on UF fouling; however, the benefits in terms of fouling reduction 
achieved by each technology are still inconclusive, i.e., the capability of the pretreatments to 
reduce fouling varied among studies. This is likely because there have not been studies focused 
on identifying the specific DOM fractions removed or not removed by each pretreatment process 
and how those fractions relate to those causing membrane fouling. Accordingly, there is a need 
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to study the relationship between the DOM fractions removed by pretreatment processes and the 
DOM fractions that are responsible for fouling UF membranes.  
It is important to point out that each of the published studies tested only a limited 
numbers of waters (typically 1-3), which is likely related to the time consuming nature of the 
fouling tests. In typical bench-scale membrane fouling experiments, only one water and one 
membrane can be tested at a time, and therefore performing replicate runs for a large number or 
waters (or pretreatment options) quickly becomes impractical.  
1.1.5 Common techniques for characterization of DOM foulants 
Most membrane fouling studies focus on understanding the character of organic foulants. 
The basic measurements of DOM quantity and character are dissolved organic carbon (DOC) 
and ultraviolet absorbance at 254 (UVA254). DOC is considered a bulk measurement of the 
organic carbon content of a sample that has been filtered through a 0.1-0.7 µm filter. Specific UV 
absorbance (SUVA or SUVA254) is strongly correlated with DOM aromaticity (Helms et al., 
2008) and is calculated as  
SUVA = 100(UVA254/DOC) .        (1.1) 
More elaborate DOM fouling characterization techniques include attenuated total 
reflection (ATR) Fourier transform infrared (FTIR) spectrometry (Cho et al., 1998; Howe et al., 
2002), high-performance size exclusion chromatography (HPSEC) (Fan et al., 2008; Filloux, et 
al., 2012), fractionation using non-ionic resins (e.g. DAX and XAD resins) (Carroll et al., 2000; 
Cho et al., 2000), fluorescence excitation-emission matrix (EEM) spectroscopy (Henderson et 
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al., 2011; Her et al., 2004), and morphological analysis of foulants by scanning electronic 
microscopy (SEM) (Kim and DiGiano, 2006). 
1.1.6 DOM Characterization using fluorescence excitation-emission matrix (EEM) 
spectroscopy and parallel factor analysis (PARAFAC) modeling 
A technique that has proven successful in organic matter characterization with minimal 
sample pretreatment required is fluorescence excitation-emission matrix (EEM) spectroscopy 
(Coble, 1996; Mobed et al., 1996). EEM analysis provides rapid, non-invasive and sensitive 
analysis of DOM properties, no sample pre-treatment, small sample volume, and the potential for 
on-line monitoring incorporation (Bridgeman et al., 2011). EEM is both qualitative and 
quantitative and is able to provide information regarding the type, structure, and abundance of 
functional groups (J. Chen et al., 2003; W. Chen et al., 2003). Fluorophores are a fraction of 
DOM that fluoresces when excited by UV and blue light (Stedmon & Bro, 2008; Stedmon et al., 
2003). Fluorophores are generally classified into two distinct groups: terrestrially derived (humic 
material) and microbially derived (protein-like fraction) (Leenheer and Croué, 2003; McKnight 
et al., 2001; C. Stedmon et al, 2003).  
EEM data is typically analyzed using a peak picking method, which use excitation-
emission wavelength pairs from contour plots of EEMs to identify fluorophores based on the 
location of the maximum fluorescence intensity (Coble 1996; Henderson et al., 2009). Changes 
in the relative abundance of DOM fractions can be quantified as changes in the emission 
intensities of the common reoccurring fluorophores in the three peak regions A, C, and T (see 
Figure 1.2). Peak A (terrestrial fulvic-like substances), peak C (terrestrial humic-like substances), 
and peak T (tryptophan-like or microbial protein-like substances) are identified by their emission 
	 12 
intensities at excitation/emission pairs of 250/450, 350/450, and 275/340 (nm/nm), respectively 
(Coble, 1996; Stedmon et al., 2003).  
 
Figure 1.2. Contour EEM plots generated from Muscle Shoals raw water sample (DOC = 2.3 
mg/L) collected from the intake of the drinking water treatment plant in Muscle Shoals, 
Alabama. The peak regions of the three main components A, C, and T are labeled. 
In EEMs, complex chemical structure, difference in DOM source (Coble, 1996), and 
molecular size (Alberts et al., 2002) cause shifting and broadening of peak positions. Also, more 
than one group of humic-like fluorophores can have emission wavelengths that overlap in the 
same region (Chen et al., 2003). These drawbacks of EEMs analysis make the peak picking 
technique inadequate to characterize DOM. To address the drawbacks of the peak picking 
technique, parallel factor analysis (PARAFAC) is used. PARAFAC is a multi-way data analysis 
technique that is widely applied in the study of DOM fluorescence (Ishii & Boyer, 2012; Murphy 
et al., 2013). PARAFAC models three-way EEM data using Equation 1.2, fitting the equation by 
minimizing the sum of squares of the residuals (εijk) across the EEM data set. In this manner, 
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EEM can decompose the fluorescence signal into individual underlying components (Stedmon & 
Bro, 2008; Stedmon et al., 2003) as 
  ,      (1.2) 
for i =1, …, I; j = 1, …, J; k = 1, …, K, n = 1,…N. When applying the model to EEMs, xijk is the 
fluorescence intensity of sample i measured at emission wavelength j and excitation wavelength 
k. The outcome of the model is the parameters a, b and c, which represent concentration (defined 
as scores), emission spectra, and excitation spectra of the underlying fluorophores, respectively. 
N is the number of fluorophores (components) in the model and a residual matrix εijk represents 
the unexplained variation in the model (Stedmon et al., 2003). PARAFAC modeling can be 
applied across a large data set of hundreds or thousands of EEMs, which makes the statistical 
analysis more robust and makes determining fluorescence characteristics over a wide range of 
water sources possible. 
EEM spectroscopy, with or without PARAFAC, has been used as a way to track DOM in 
both drinking water and wastewater treatment plants (Baghoth et al., 2011; Murphy et al., 2011). 
EEM analyses revealed that microbial DOM is a more important contributor to UF fouling than 
terrestrial DOM (Lee et al., 2006), and that protein-like substances were the major cause of low 
pressure membrane fouling in secondary effluent (Fan et al., 2008; Henderson et al., 2011) and 
isolate DOM fractions from surface water (Lee et al., 2006). Yu et al. (2014) reported that 
tryptophan-like substances derived from PARAFAC modeling are the major foulants of UF 
membrane filtration of model organic matter extracted from algae cultivation. A previous 
PARAFAC model using one source of river water also indicated that protein-like DOM was 
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highly correlated with irreversible fouling (Shao et al., 2014). Thus, microbial protein-like DOM 
is important in membrane fouling. 
Therefore, the ability of EEM to monitor microbial protein-like DOM at a low level 
suggests that EEM analysis could potentially be used to identify the relative abundance of 
foulants in UF membrane systems. In addition, application of PARAFAC analysis to the EEM 
data would allow resolution of the true underlying fluorescent components indicative of foulant 
potential of the waters. However, not many fouling studies have used EEM in conjunction with 
PARAFAC modeling, and none have been performed over a range of water sources. As a result, 
even though EEM analysis has a potential use for monitoring foulants in UF membrane systems, 
there is no evidence supporting whether fluorescent components in feed waters can be used to 
predict qualitatively or (semi)quantitatively their membrane fouling potential.  
1.1.7 DOM Characterization using Electrospray Ionization Fourier transform ion cyclotron 
resonance mass spectrometry (ESI FTICR MS)  
Among all DOM characterization techniques available, Fourier transform ion cyclotron 
resonance mass spectrometry FTICR MS provides the most resolved view of DOM composition 
by generating a mass spectrum containing thousands of peaks that reveal molecular-level 
composition of macromolecules within DOM (Jackson et al., 1998; Jawinski, 2002; Sleighter et 
al., 2014). In combination with electrospray ionization (ESI), FTICR MS can provide extensive 
molecular elemental information without preceding chromatographic separation. ESI FTICR MS 
determines the mass-to-charge ratio (m/z) of ions based on the cyclotron frequency of the ions in 
a fixed magnetic field. ESI FTICR MS has a very high resolution (>200 000) and mass accuracy 
(often<0.5 ppm) (Koch and Dittmar, 2006). Recently, a study by Sleighter et al. (2014) 
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successfully related fluorescence DOM signature to molecular formula assignments obtained 
from FTICR MS data. 
Formula assignment of DOM is possible because DOM consists of few abundant 
elements, mainly of C, H, and O, and to a lower degree of N, P and S. Other elements are rare in 
NOM and can be disregarded for a general examination of molecular structures (Koch and 
Dittmar, 2006). The obtained elemental compositions can reveal the compound class (i.e., 
numbers of N, O, and S atoms), type (number of rings plus double bonds), and degree of 
alkylation (number of CH2 groups). Mass spectra data can be interpreted graphically using van 
Krevelen diagrams where each elemental composition is projected onto two axes according to its 
H/C, O/C, and/or N/C atomic ratios (plotting H/C vs O/C, or H/C vs N/C). The H/C ratio 
indicates the degree of saturation of compounds, whereas O/C or N/C ratios quantitatively 
indicate relationships between these O and N and C pools. Thus the van Krevelen diagrams can 
be used to identify the types of compounds that comprise different types of DOM as peaks of 
families of similar compounds structurally clustered together in the same region.	 In previous 
studies (Kim, et al, 2003; Mann et al., 2015; Wu et al., 2004), the positions of classes of 
compounds–lipids, lignins, tannins, amino sugar, peptides and carbohydrates have been noted. 
FTCIR MS is a relatively new technique and therefore few studies have used FTCIR MS 
to characterize DOM in membrane filtration systems. Cortés-Francisco et al. (2014) used FTICR 
MS to investigate changes of DOM composition in permeate waters from UF membranes, 
compared to their corresponding feed waters, and reported no significant change in the nature of 
DOM at molecular level. There is no evidence in the peer-reviewed literature of systematic 
studies characterizing organic foulants of UF membrane by FTICR MS. Thus, given the ability 
of FTICR to determine molecular-level composition of DOM, using FTCIR in combination with 
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EEM (which allows for the monitoring of humic-like and protein-like DOM), could enable the 
characterization of the molecular-level composition of organic foulants. 
1.2. OBJECTIVES 
1.2.1. Overall Research Goal 
In order to address the gaps and conflicting reports in the literature identified above, the overall 
goals of this dissertation are to elucidate the relationship between the DOM fractions that 
primarily cause UF membrane fouling, those that are present in feed waters, and those that are 
removed by pretreatment processes across a range of water sources. 
1.2.2. Specific Objectives  
To achieve the overall research goal, the following specific objectives were pursued: 
1. To investigate the relationship between DOM removal by various pretreatment processes 
(extent and type of DOM removed) and the associated UF fouling reduction; 
2. To evaluate whether fluorescence excitation-emission matrices (EEMs) spectroscopy can 
be used as a tool to predict qualitatively and/or (semi)quantitatively the capability of a 
pretreatment process to reduce fouling potential of feed waters; 
3. To evaluate whether EEM spectroscopy coupled with parallel factor (PARAFAC) 
analysis can be used as a qualitative or (semi)quantitative predictor of fouling potential of 
feed waters. 
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1.3 Dissertation Organization 
This dissertation is composed of six chapters and three appendices. Chapters 1, 5 and 6 
correspond to the introduction, conclusions and future work, respectively. Chapters 2 and 3 
address the specific research objectives 1 and 2. Chapter 2 studies ion exchange by MIEX resin 
as a pretreatment for UF membrane fouling reduction and served to establish the experimental 
procedures used for all other pretreatment processes in Chapter 3. Chapter 4 addresses the 
specific research objective 3. These chapters are comprehensive and each include an 
introduction, materials and methods, results and discussion, conclusions, acknowledgements, and 
reference sections. Chapters 2-4 are briefly described below: 
• Chapter 2: The work reported in this chapter investigates the relationship between DOM 
removal by MIEX (extent and type of DOM removed) and the associated UF membrane 
fouling reduction. I used six water sources with a range of characteristics (terrestrial and 
microbial DOM model water, two streams and two lakes), one common procedure for all 
fouling experiments, and a comprehensive methodology for characterizing the nature of 
DOM in the source waters. MIEX pretreatment and UF fouling results are presented along 
with DOM characterization by DOC, UVA254, SUVA, and EEMs. In the discussion and 
conclusion sections, I interpret the findings to (i) explain why MIEX pretreatment reduces 
UF fouling only for some water sources, and (ii) suggest which types of source waters may 
benefit most from MIEX pretreatment to reduce membrane fouling. 
• Chapter 3: This chapter focuses on the effectiveness of pretreatment by ion exchange 
with MIEX resin, PAC adsorption, alum and ferric chloride coagulation, pre-chlorination 
using NaOCl, and dilution in reducing membrane fouling potential. The study was performed 
with eight water sources including terrestrial and microbial DOM model water, stream and 
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lake water, ground water, and secondary treated effluent. EEMs together with statistical 
analysis were used to evaluate the relative importance of different DOM fractions to UF 
membrane fouling. The advantages and disadvantages of each pretreatment in terms of DOM 
removal and fouling reduction were discussed. Statistical analysis was used to conclude 
which pretreatment was most suitable to reduce UF membrane fouling, and whether there 
was a correlation between the reduction in fouling potential by pretreatment processes and 
the corresponding reduction in various water quality parameter, including DOC, UVA254 and 
fluorescent intensity of DOM fractions. 
• Chapter 4: This chapter uses EEMs data with PARAFAC modeling to identify the role 
of fluorescent DOM fractions in UF membrane fouling. The sources of EEM data included a 
range of water sources (i.e., terrestrial and microbial DOM model water, stream and lake 
water, ground water, and secondary treated effluent) that were pretreated in various ways 
(i.e., 1.2 µm filtration, ion exchange using MIEX resin, PAC adsorption, alum and ferric 
chloride coagulation, pre-chlorination using NaOCl). The key foulant was determined using 
statistical correlations between fouling potential and PARAFAC components in the foulant 
layers and in feed waters. 
The appendices follow Chapter 6 and include experimental data and supplementary material 
obtained for Chapters 2, 3, and 4.  
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CHAPTER 2: MINIMIZATION OF SHORT-TERM LOW-PRESSURE MEMBRANE 
FOULING USING A MAGNETIC ION EXCHANGE (MIEX©) RESIN 
2.1. Introduction 
Low-pressure membrane (LPM) filtration (i.e., microfiltration, ultrafiltration) has been 
widely employed in drinking water treatment and wastewater reuse because it can effectively 
remove microbial and particulate contaminants with relatively low energy consumption 
(Zularisam et al., 2006). One important challenge to LPM filtration is low rejection of dissolved 
organic matter (DOM) as a result of the relatively large size of the membrane pores compared to 
the average molecular size of DOM (Fan et al., 2001). Reduction of DOM content in drinking 
water treatment is desirable because DOM is a source of undesirable color, taste and odor 
(Carroll et al., 2000), coagulant and oxidant demand (Archer and Singer, 2006), and disinfection 
byproducts (DBPs) (Croué et al., 1999a). A second important challenge to LMP filtration is 
membrane fouling by DOM (Fan et al., 2001; Huang et al., 2009a), which consists of the 
deposition of organic matter on the membrane surface and/or membrane pores. LPM fouling by 
DOM leads to decreased water productivity, and increased cleaning frequency and operational 
costs (Cheryan, 1998). 
The DOM content in source waters, and therefore LPM fouling by DOM, can be 
successfully reduced by coagulation pretreatment prior to membrane filtration, with higher 
coagulant and associated operational costs needed for waters with higher DOM content (Carroll 
et al., 2000). As an alternative, anion exchange resins can also efficiently remove DOM from 
source waters (Bolto et al., 2002; Fearing et al., 2004). One such resin, the strong base anion 
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exchange resin MIEX® DOC (Ixom Watercare Inc.), was developed to remove dissolved organic 
carbon (DOC) in water treatment applications (Neale and Schäfer, 2009; Singer and Bilyk, 
2002). MIEX resin beads contain magnetized cores (Slunjski et al., 2000) that enhance particle 
agglomeration and settling during the resin separation process (Boyer and Singer, 2006). The 
magnetized core is surrounded by a macro-porous polymer shell with quaternary amine 
functional groups that allow for DOC removal by ion exchange (Wert et al., 2005). The average 
size of the resin beads is 180 µm (Singer & Bilyk, 2002), and this relatively small size results in 
a high surface area that enhances DOC removal kinetics and regeneration efficiency (Johnson 
and Singer, 2004).  
In recent years, MIEX has been proven effective in removing DOC (including DBP 
precursors) from a broad range of source waters (Boyer & Singer, 2005; Fearing et al., 2004; 
Humbert et al., 2005), and in reducing the coagulant dose needed for particulate removal (Huang 
et al., 2012a; Humbert et al., 2007; Singer & Bilyk, 2002). MIEX has also been reported to 
remove a broad range of organics within the DOM pool, including hydrophilic and hydrophobic 
organic acids (Singer & Bilyk, 2002; Zhang et al., 2006) varying from low to high molecular 
weight (Humbert et al., 2005). Given the demonstrated ability of MIEX to remove organics from 
water, it is reasonable to expect that MIEX can potentially minimize LPM fouling by DOM.  
Previous studies have reported that MIEX can reduce LPM fouling either by direct 
pretreatment of LPM influent waters (Dixon et al., 2010; Zhang et al., 2006, 2007, 2008), or by 
integrated use of MIEX and other processes such as coagulation/flocculation (Fearing et al., 
2004; Huang et al., 2012a; Humbert et al., 2007). However, the effectiveness of MIEX to reduce 
LPM fouling without additional pretreatment steps varies across different studies. For example, 
some researchers have reported that MIEX reduced LPM fouling potential (Dixon et al., 2010; 
	 30 
Huang et al., 2012b; Zhang et al., 2006, 2007), while others have reported no change in fouling 
potential after MIEX pretreatment (Fabris et al., 2007; Fan et al., 2008; Humbert et al., 2007). 
Contrasting findings on the effectiveness of MIEX to reduce LPM fouling could be due to 
differences in experimental procedures, or in water quality among the source waters tested.   
DOM is a complex mixture of organic molecules derived from the decay of terrestrial 
(plant and soil) and microbial matter (Leenheer & Croué, 2003). Depending on the contribution 
of terrestrial and microbial sources to the DOM pool, the organic compounds comprising DOM 
can range from more hydrophobic to more hydrophilic, and from high to low molecular weight, 
respectively (Leenheer and Croué, 2003). These DOM properties are expected to influence its 
LPM fouling potential because hydrophobicity and molecular size of DOM are influential factors 
in membrane fouling (Cho et al., 2000; Howe & Clark, 2002), with reports indicating that  higher 
DOM aromaticity (Fan et al., 2001) and higher molecular-weight DOM (Fabris et al., 2007; Lee 
at al., 2005) lead to greater water flux decline. 
Despite the expected importance of DOM composition on LPM fouling, only a few 
studies have investigated how MIEX may preferentially remove (or not) the fractions of DOM 
that cause fouling (Dixon et al., 2010; Fabris et al., 2007; Humbert et al., 2007). For example, 
Dixon et al. (2010) concluded that a portion of LPM fouling was caused by organic acids which 
were removed by MIEX. Humbert et al. (2007) found that high molecular-weight DOM of 
microbial origin contributed substantially to LPM fouling, and this DOM fraction was not well 
removed by MIEX due to size exclusion from resin pores. Fabris et al. (2007) found that MIEX 
was not effective at removing very high molecular-weight (>50,000 Da) colloidal DOM, a 
fraction strongly associated with LPM fouling. These results suggest that DOM source, in 
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addition to hydrophobicity and size, influence fouling, and that all fractions of DOM are not 
removed to the same extent by MIEX.  
DOM source and composition can be readily analyzed by absorbance and fluorescence 
spectroscopy (Coble et al., 1990; Cory & McKnight, 2005). For example, percent aromaticity of 
DOM is strongly correlated with specific ultraviolet absorbance (SUVA) (Weishaar et al., 2003), 
which is defined as ultraviolet absorbance at 254 nm (UVA254) normalized to DOC 
concentration. Also, quantitative identification of DOM origins and structural properties can be 
obtained from excitation-emission matrices (EEMs) (Coble et al., 1990; Coble, 1996; McKnight 
et al., 2001), which are 3-dimensional fluorescence intensity landscapes resulting from 
collections of fluorescence emission scans for a range of excitation wavelengths (see Figure 1.2). 
The relative concentration of different types of fluorophores in a water sample can be examined 
on the basis of specific peak intensities from the EEMs. Specifically, peak A (240-270 nm 
excitation and 380-470 nm emission) and peak C (300-340 nm excitation and 400-450 nm 
emission) represent terrestrial humic materials, while peak T (260-290 nm excitation and 326-
350 emission nm) represents microbial protein-like fluorophores (Cory and McKnight, 2005; 
Yamashita and Tanoue, 2003). 
The objective of this chapter was to investigate the relationship between DOM removal 
by MIEX (extent and type of DOM removed) and the associated LPM fouling reduction. I used a 
range of water sources, one common procedure for all fouling experiments, and a comprehensive 
methodology for characterizing the nature of DOM in source waters. I present MIEX 
pretreatment and LPM fouling results along with DOM characterization via DOC, UVA254, 
SUVA, and EEM analysis. In the discussion and conclusion sections, I interpret my findings to 
(i) explain why MIEX pretreatment reduces LPM fouling only for some water sources, and (ii) 
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suggest which types of source waters may benefit most from MIEX pretreatment to reduce LPM 
fouling. 
2.2. Materials and Methods 
2.2.1. Water samples 
Four natural waters and two synthetic waters spanning broad ranges of DOC (1.8-11 
mg/L), UVA254 (0.056-0.208 cm-1), and SUVA (2.0-5.4 L/mg.m) levels were used. The various 
water quality parameters of interest for the six “raw” waters are presented in Table 1. “Raw” 
refers to the state of natural waters after laboratory filtration and of synthetic model waters after 
preparation and laboratory filtration, as described below. Natural water samples were collected in 
low density polyethylene (LDPE) collapsible containers from the intake of drinking water 
treatment plants using, as source waters, the University Lake (UL) and Cane Creek (CC) 
reservoirs in Orange County, North Carolina, the Tennessee River in Muscle Shoals (MS), 
Alabama, and Clear Lake in West Palm Beach (PB), Florida, all located in the United States of 
America. All natural water samples were transported to the laboratories the same day they were 
collected, either directly from nearby water treatment plants or via overnight shipping 
refrigerated with cold-packs. Immediately after arrival, all water samples were filtered with 
Whatman (Piscataway, NJ) GF/C 1.2-µm glass fiber filters to remove suspended solids, and then 
stored at 4oC in the dark until needed. Synthetic waters were prepared using Suwannee River 
humic acid standard II (SR) and Pony Lake fulvic acid reference (PL) from the International 
Humic Substances Society (IHSS). The SR and PL isolates are IHSS references for terrestrial 
humic acids and microbial fulvic acids, respectively (Averett et al., 1994; Brown et al., 2004), 
and have properties at the ends of the chemical spectrum found for DOM in natural waters (Cory 
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et al., 2010). The SR isolate possesses properties associated with terrestrial DOM, such as high 
SUVA and high aromaticity (Averett et al., 1994; Boyer et al., 2008; McKnight & Aiken, 1998), 
and has been widely used as a DOM model in LPM fouling studies (Aoustin et al., 2001; Jones 
& Melia, 2000; Schäfer et al., 2000; Yuan & Zydney, 1999, 2000). The PL isolate has properties 
associated with microbial DOM, such as low SUVA and low aromaticity (Boyer et al., 2008; 
Brown et al., 2004; McKnight et al., 1994). Synthetic waters were prepared by dissolving the SR 
and PL isolates in lab grade water (LGW) adjusted to pH 10.5 using 0.1 N sodium hydroxide 
(NaOH), stirring the solution overnight for complete dissolution of the isolate, and adjusting the 
pH to 6.5-7.5 using 0.1 N hydrochloric acid (HCl) before use. 
LGW was prepared from a Dracor system (Durham, NC, USA) which pre-filters inlet 7 
MW×cm deionized water using a 1 µm filter, reduces total organic carbon to less than 0.2 mg-C/L 
with activated carbon resin, and removes ions to 18 MW×cm with mixed bed ion-exchange resins. 
Before use, the LDPE collapsible containers were cleaned using vigorous shaking with 1% 
Alconox solution (Alconox Inc., White Plains, NY) followed by soaking overnight in Alconox 
solution, vigorous rinsing ten times with LGW, and then soaking overnight in LGW. The 
collapsible containers were then air dried at a drying station. All glassware was acid cleaned 
using the following procedures: rinsing four times using hot tap water, soaking overnight in 
Alconox solution, rinsing four times using LGW, soaking overnight in 2% HCl (Fisher Chemical 
Co., Fair Lawn, NJ, USA), and rinsing four times using LGW. The glassware was then covered 
with alumimum foil (Fisher Chemical Co.) and dried by baking overnight at 105oC in a 
laboratory oven. The glassware was finally cool down to room temperature before use. 
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Table 2.1. Water quality of raw waters. 
Water source pH UVA254 
(cm-1) 
DOC 
(mg/L) 
SUVA (L/mg.m) 
SR: Suwannee River (GA, USA) 
humic acid standard II (IHSS) 
7.0 0.225 4.3 5.2 
PL: Pony Lake (Antarctica) fulvic 
acid reference (IHSS) 
6.8 0.167 7.7 2.2 
CC: Cane Creek Reservoir, 
(Chapel Hill, NC) 
6.3 0.139 6.2 2.2 
UL: University 
Lake, (Chapel Hill, 
NC           (Nov 2012) 
(Nov 2012) 6.3 0.201 7.5 2.7 
) (Dec 3) 6.9 0.146 6.2 2.4 
MS: Muscle Shoals  
(Muscle Shoals, AL) 
7.5 0.056 1.8 3.0 
PB: Palm Beach  
(West Palm Beach, FL) 
8.2 0.208 11 2.0 
 
2.2.2. MIEX pretreatment 
MIEX DOC resin, provided by Ixom Watercare Inc., was stored wet in a 5% NaCl 
solution (Fisher Chemical Co.). Before the experiments, the resin was removed from the NaCl 
solution and rinsed five times with LGW. The resin concentration is reported as milliliters of 
settled resin per liter of water. For dosing purposes, the resin was allowed to settle in a glass 
graduated cylinder for 30 minutes before measuring the settled resin volume. Batch experiments 
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were used to evaluate the removal of DOC and UVA254 as a function of MIEX dose (1-10 
mL/L). The experiments were performed using a jar test apparatus with 2-L square jars (Phipps 
and Bird Inc., Richmond, VA). The mixing protocol entailed mixing at 100 rpm for 1 hour and 
settling for 15 min. After settling, the supernatant was decanted and vacuum-filtered through 
Whatman GF/C 1.2-µm glass fiber filters. For pretreatment of waters used in fouling tests, a 2 
mL/L MIEX resin dose (i.e., a typical dose in full-scale treatment plants (Myat et al., 2014) was 
compared to a higher MIEX dose of 10 mL/L. Each condition for MIEX pretreatment 
experiments was tested in triplicate and the average of the triplicate results is reported. 
2.2.3. Bench-scale membrane fouling tests 
For the six water sources listed in Table 2.1, I investigated the LPM fouling potential of 
raw waters (Raw), raw waters pretreated with MIEX doses of 2 mL/L (MIEX2) and 10 mL/L 
(MIEX10), and raw waters diluted (Dilute) with LGW to the same DOC concentration of waters 
pretreated with a MIEX dose of 2 mL/L. The membranes used consisted of hydrophilic 
polyvinylidene fluoride (PVDF), hollow-fiber ultrafiltration membranes (GE Water & Process 
Technologies, Oakville, Ontario, Canada) with nominal pore size of 0.04 µm and outside 
diameter of 1.95 mm. The PVDF membrane had a contact angle in the range of 60-65o (provided 
by the manufacturer), which is similar to that of other hydrophilic PVDF membranes, e.g. Myat 
et al., (2013). The membranes were tested using the setup depicted in Figure 1 which included a 
hollow-fiber module consisting of four fibers, each having a length of 16 cm, providing a total 
membrane surface area of 39.2 cm2. As shown in Figure 2.1, The module was operated under a 
constant vacuum pressure of 5.8 psi (40 kPa) provided by a peristaltic pump (Masterflex, Cole-
Parmer, Vernon Hills, IL). Permeate flow rate was monitored continuously using a digital 
balance (Ohaus, Parsippany, NJ). Each fouling run lasted at least six hours, and each 
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experimental condition was tested in duplicate. Feed, concentrate and permeate water samples 
were collected for organic matter analyses (see Section 2.2.4) at 1, 3 and 5 hr during the filtration 
run. All tests were conducted at room temperature (20±2oC). The initial permeate flux varied in 
the range of 8.43-10.8 cm/hr. For each source water tested, the relative standard deviation of the 
average initial permeate water fluxes for Raw, MIEX2 and MIEX10, and Dilute waters was 
always less than 5%. 
 
 
Figure 2.1. Schematic of ultrafiltration (UF) membrane system used for low-pressure membrane 
(LPM) fouling tests. 
The LPM fouling potential of each water was quantified using the unified membrane 
fouling index (UMFI) as defined by (Huang et al., 2008)  
,          (2.1) S
t
VUMFI
J
J
+=10
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where  (m/s) and  (m/s) correspond to the water fluxes at time zero and time t, respectively, 
and VS (L/m2) corresponds to the cumulative volume of water filtered at time t per unit area of 
membrane. Greater UMFI values correspond to greater LPM fouling potential (Huang et al., 
2009b). The UMFI values calculated in this study describe total fouling (including both 
reversible and irreversible fouling) and were obtained by fitting the experimental  and VS 
data from the 6-hour filtration runs to Equation 2.1. 
At the end of each fouling experiment, hydraulic and chemical cleanings were performed. 
For hydraulic cleaning, the membrane module was first backwashed at 100 kPa using 70 mL of 
LGW and then rinsed by spraying 30 mL of LGW on the membrane surface. For each membrane 
fouling test with raw and MIEX-treated waters, the backwash and rinse water (a total of 100 mL) 
were collected in clean beakers for organic matter analyses (see Section 2.2.4). Chemical 
cleaning was performed after hydraulic cleaning, and consisted of submerging and aerating the 
module in 1% sodium hypochlorite (NaOCl, Fisher Chemical Co.) solution for 15 minutes 
(Nghiem et al., 2009). To assess the water flux recovery due to membrane cleaning, I measured 
the clean water permeate flux (40 kPa, average of 15 min) after each hydraulic cleaning and 
chemical cleaning procedures. Given that the water permeate flux recovered by hydraulic 
cleaning was always higher than 94.2% (average of 98.8%, except for one test where it was 
90.3%), the corresponding organic matter collected represented well the organic matter 
contributing to fouling. For chemical cleaning, the water permeate flux recovery was always 
higher than 97.7% (average of 101%), indicating effective membrane cleaning by NaOCl. 
 
 
0J tJ
tJJ /0
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2.2.4. Characterization of organic matter 
The DOC concentration (mg-C/L) in water was measured on 1.2 µm-filtered samples 
using a TOC-V organic carbon analyzer (Shimadzu, Atlanta, GA). The calibration was done 
daily using potassium hydrogen phthalate (Fisher Chemical Co.) at the concentration of 0.5, 5.0 
and 10 mg-C/L. Samples and calibrations were acidified to pH 2.0-2.5 using 0.2 N HCl (Fisher 
Chemical Co.) to remove inorganic carbon. The performance of TOC-V instrument was checked 
daily by comparing the area under a calibration point of 5 mg-C/L of each daily injection, and 
the standard deviations over the years were in range of ±10%. UVA254 measurements were made 
using a 1-cm quartz cell and a U-2000 spectrophotometer (Hitachi Instruments Inc., Danbury, 
CT). SUVA values were calculated as SUVA=100(UVA254/DOC).  
Fluorescence measurements were conducted in a 1-cm quartz cell using Aqualog and 
Fluorolog-321 spectro-fluorometers (Horiba JobinYvon, Edison, NJ, USA). The lamp excitation 
peak and water-Raman emission peak were checked daily before data collection to ensure that 
their maxima were located at 467±0.5 nm and 397±0.5 nm, respectively. Emission spectra were 
collected from 320-550 nm at 1-nm increments with excitation wavelengths in the 240-450 nm 
range at 5-nm increments. EEMs were corrected for instrument-specific excitation and emission 
effects using manufacturer-generated emission correction factors and user-generated excitation 
correction factors. To account for the inner filter effects, a matrix of correction factors was 
created from absorbance spectra of samples (Cory et al., 2010; Ohno, 2002) measured with a 
diode array UV-Vis spectrophotometer (Hewlett Packard, Palo Alto, CA, USA). EEMs obtained 
with LGW blanks were collected daily and subtracted from the EEM of each sample. 
Fluorescence intensities are reported in Raman units (RU) by normalization of the intensities to 
the area under the water-Raman peak at an excitation of 350 nm (Cory et al., 2010; Stedmon et 
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al., 2003). All EEMs corrections were done using Matlab v8.1.0.604 R2013a (MathWorks, 
Natick, MA, USA). Statistical analyses were done using Stata SE 13.1 (StataCorp LP, College 
Station, TX, USA). 
EEMs spectroscopy was employed to identify the relative abundance of organic fractions 
from different origins in the samples analyzed, namely terrestrial humics and microbial protein-
like organics (see Figure 1.2), as identified by their emission intensities at excitation/emission 
coordinates of 250/450 (nm/nm) (component A, terrestrial humics stimulated by UV excitation), 
350/450 (nm/nm) (component C, terrestrial humics stimulated by visible excitation), and 
275/340 (nm/nm) (component T, microbial protein-like organics) (Coble, 1996; Stedmon et al., 
2003).  
Six samples from the filtration experiments conducted with UL water was also 
characterized with Fourier transform ion cyclotron resonance mass spectrometry (FTICR MS) 
for a better understand the nature of the DOM fractions removed by MIEX and those that caused 
fouling. These six samples include Raw UL Water, 2 mL/L MIEX-treated UL water, permeate 
collected from filtration of raw water, permeate collected from filtration of 2 mL/L MIEX-treated 
water, foulant layer collected from backwashing the UF membrane after filtration of raw water, 
and foulant layer collected from backwashing the UF membrane after filtration of 2 mL/L 
MIEX-treated water. More detail of FTICR MS analysis and its results are described in 
Appendix B. 
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2.3. Results and Discussion 
2.3.1. Removal of organic matter by MIEX pretreatment 
Figure 2.2 presents results for the removal of DOC and UVA254 from water by MIEX 
treatment. The results show that MIEX was effective at removing significant levels of DOC (38-
80% with a 2 mL/L MIEX dose, Figure 2.2a) and UVA254 (36-87% with a 2 mL/L MIEX dose, 
Figure 2.2b) from all waters. Statistical analyses of the results in Figure 2 showed that DOC 
removal was not strongly correlated with the initial DOC concentration of the raw water 
(R2=0.37 for DOC removal with a 2 mL/L MIEX dose). Similarly, UVA254 removal did not 
correlate well with the initial UVA254 (R2=0.18 for UVA254 removal with a 2 mL/L MIEX dose). 
These findings are consistent with previous studies, which reported significant removal of DOC 
by MIEX but no significant relationship between raw water DOC concentration and DOC 
removal by MIEX (Boyer & Singer, 2006; Mergen et al., 2008; Singer et al., 2009; Singer et al., 
2007). Together with these previous studies, the results indicate that DOC and UVA254 content in 
raw waters are not good predictors of the effectiveness of MIEX treatment at removing organic 
content. 
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Figure 2.2. (a) DOC and (b) UVA254 removal as a function of MIEX dose in batch tests. The 
initial DOC concentration (DOC0) and UVA254 (UVA254,0) in the raw waters are presented in the 
legends in panels (a) and (b), respectively. The water sources and water qualities of the raw 
waters are described in Table 2.1. 
For nearly all waters and MIEX doses, UVA254 removal was higher than DOC removal 
(except for SR water at a 2 mL/L MIEX dose, Figure 2.2a and 2.2b). These results demonstrate 
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that MIEX preferentially removes the UV-absorbing fraction of organic matter over the non-UV 
absorbing fraction, thus resulting in lower SUVA values in treated waters than in raw waters. 
The affinity of MIEX for the UV-absorbing fraction of organics has been previously reported in 
the literature (Fearing et al., 2004; Johnson and Singer, 2004; Kitis et al., 2007; Wert et al., 
2005). 
For all natural waters and the synthetic PL water (representative of source waters 
enriched in microbial DOM (Brown et al., 2004)), removal of organic material increased 
appreciably with MIEX doses up to approximately 2 mL/L at which point removal started to 
plateau (Figure 2.2). This observation is consistent with the results obtained by Johnson and 
Singer (2004) for groundwater from California (USA). By contrast, for the SR water 
(representative of source waters enriched in terrestrial DOM (Averett et al., 1994)), removal of 
organics increased gradually across the entire MIEX dose range and was lower than that for the 
other waters at MIEX doses of up to 5 mL/L. One likely contributor to the behavior observed in 
Figure 2.2 for DOM removal as a function of MIEX dose (i.e., removal starting to plateau at a 
resin dose of 2 mL/L for some waters, and lack of correlation between DOM removal and MIEX 
dose) is that there is excess ion exchange capacity of the MIEX dose compared to the equivalents 
of charged organic matter present in solution. For example, using an ion exchange capacity of 
0.5 meq/mL for MIEX resin and a charge density of 10 meq/g-C for DOM (Boyer & Singer, 
2008), a MIEX dose of 2 mL/L is equivalent to 1 meq/L and a DOM content of 10 mg-C/L is 
equivalent to 0.1 meq/L, which would indicate 10 times excess ion exchange capacity. Mass 
transfer limitations are also likely contributors to the behavior observed in Figure 2.2 for DOM 
removal. For example, the larger average size of the organics in SR water than organics in the 
other waters may result in size exclusion from the resin pores; size exclusion is thought to be the 
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primary mechanism responsible for reduced organic matter removal by anion exchange resins 
(Bolto et al., 2002; Croué et al., 1999b). The lower removals for SR water may also be due to 
kinetics, as the higher molecular weight of the SR organics would make them absorb into the 
resin more slowly. SR organics have a larger average molecular weight (2,748 amu) (Aoustin et 
al., 2001) compared with PL organics (1,260-1,470 amu) (Brown et al., 2004). 
2.3.2. Reduction in membrane fouling potential by MIEX pretreatment 
Given that the extent of DOC and UVA254 removal started to plateau at approximately 2 
mL/L for all but one water, I used a 2 mL/L MIEX dose for pretreatment of waters used in LPM 
fouling tests; as stated in Section 2.2.2, this dose is representative of those used in full-scale 
treatment plants (Myat et al., 2014). I also used a 10 mL/L MIEX dose to determine whether 
higher doses could further reduce membrane fouling. The results for MS water are presented in 
Figure 2.3a and show that MIEX pretreatment led to a reduction in LPM fouling, as indicated by 
a lower flux decline over time for MIEX-pretreated water than for raw water. Similar results (see 
Figure A1-A5 in Appendix A) were obtained for all natural and synthetic waters, though the 
extent of fouling reduction varied with source water. I fitted experimental results for  and 
VS to Equation 2.1 to obtain UMFI values (see Figure 2.3b for illustrative example using MS 
water). The UMFI results are presented in Figure 2.3c for all waters and show that, for a 2 mL/L 
MIEX dose, MIEX pretreatment led to UMFI reductions as low as 3.5% (UL water) and up to 
56% (SR water). Increasing the MIEX dose by a factor of 5, from 2 mL/L to 10 mL/L, resulted 
in only marginal increases in percentage UMFI reduction (Figure 2.3c). This observation is 
consistent with the marginal increase in organics removal observed when the MIEX dose was 
increased from 2 mL/L to 10 mL/L (Figure 2.2). The marginal increase in UMFI reduction 
tJJ /0
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observed with a 5-fold increase in MIEX dose occurred even for the SR water for which the 
removal of organic matter increased continuously as a function of MIEX dose. 
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Figure 2.3. (a) Illustrative normalized flux decline as a function of time for MS raw water 
(Raw), MS water treated with MIEX doses of 2 mL/L (MIEX2) and 10 mL/L (MIEX10), and 
MS water diluted with LGW to the same DOC content with MS-MIEX2 (Diluted). (b) 
Illustrative fit of experimental results for 	as a function of VS to Equation 2.1 for MS Raw 
(R2=0.97), MIEX2 (R2=0.99), MIEX10 (R2=0.95) and Diluted (R2=0.98) waters, where the slope 
of the linear regression corresponds to the unified membrane fouling index (UMFI). (c) UMFI 
for all source waters in fouling tests performed with Raw, MIEX2, MIEX10, and diluted waters. 
A MIEX dose of 10 mL/L was not tested for the CC water.  
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2.3.3. Relationship between the removal of organics by MIEX pretreatment and reduction in 
membrane fouling potential  
I evaluated the association between fouling potential reduction (quantified by the percent 
UMFI reduction) and DOM removal by MIEX. The results (Figure 2.4a) show that there was not 
a strong correlation between fouling potential and DOC, and that higher DOC removal did not 
result in higher fouling potential reduction (Figure 2.4b). Similarly, there was not a strong 
correlation between fouling potential reduction and UVA254 or SUVA reduction (Figures A6a-b 
in Appendix A). A strong association was not observed either between fouling potential 
reduction and initial DOC, UVA254, or SUVA values in raw waters (Figures A7a-c in Appendix 
A). Therefore, the removal of DOC or UVA254 by MIEX, the reduction of SUVA by MIEX, or 
the initial DOC, UVA254 or SUVA values in raw waters, are not good indicators of the reduction 
in fouling potential by MIEX. These results are consistent with previous studies (Henderson et 
al., 2011; Lee, et al., 2004) that reported no significant correlation between DOC and fouling 
when more than one source water was investigated, and the observation that there was not a 
strong correlation between the fouling potential of raw waters (quantified by the UMFI) and their 
DOC concentration (Figure 2.4a). Similarly, there was not a strong correlation between fouling 
potential and DOC, UVA254, or SUVA levels for all waters tested (i.e., raw, MIEX-pretreated, 
and diluted, Figures A8a-c in Appendix A).  
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Figure 2.4. (a) UMFI as a function of DOC concentration in raw waters, and (b) percent UMFI 
reduction by 2 mL/L MIEX pretreatment as a function of percent DOC removal.  
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2.3.4. Relationship between the organic fractions removed by MIEX pretreatment and those 
that cause membrane fouling  
Given that neither DOM removal by MIEX, nor initial DOM concentration, explain the 
variability in fouling potential reduction by MIEX, I investigated the relationship between the 
organic matter fractions removed by MIEX and those that fouled the membranes. Specifically, 
for each source water, I compared the fouling potential of waters pretreated with a 2mL/L MIEX 
dose (MIEX2) and waters diluted with LGW (Diluted) to the same DOC concentration of the 
MIEX2 waters (see Figure 2.3c). In this case, differences in fouling potential could only be due 
to different characteristics of the organic matter because the waters had approximately the same 
DOC concentration. Any differences in organic matter composition between MIEX2 and diluted 
waters could only have been produced by MIEX pretreatment.  
For the natural waters, the fouling potential of MIEX2 waters was 2-4 times that of their 
respective diluted waters (Figure 2.3c). For example, although the DOC concentrations of 
MIEX2 (3.3 mg/L) and diluted (3.5 mg/L) PB waters were similar, the UMFI of the MIEX2 PB 
water (0.0066 m2/L) was approximately three times that of the diluted PB water (0.0021 m2/L). 
The different fouling potentials consistently observed for MIEX2 waters and diluted waters with 
the same DOC concentration indicate that the two waters contained different fractions of organic 
matter which resulted in different fouling behavior. Moreover, given that MIEX2 waters had a 
higher fouling potential than the diluted waters, it can be concluded that MIEX preferentially 
removed DOM fractions that were not dominant contributors to membrane fouling.  
The synthetic PL water (representative of water enriched in microbial DOM) showed a 
similar trend to that observed for the natural waters (i.e., higher UMFI in MIEX2 water than in 
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Diluted water, Figure 2.3c). In contrast, the synthetic SR water (representative of water enriched 
in terrestrial DOM) showed the opposite trend (i.e., lower UMFI in MIEX2 water than in Diluted 
water, Figure 2.3c). Given that natural waters showed the same trend as the synthetic PL water in 
terms of fouling potential reduction upon MIEX pretreatment and dilution of the raw water, I 
conclude that microbial DOM was likely a main source of fouling in the natural waters 
investigated. 
2.3.5. Fate of terrestrial and microbial DOM during MIEX treatment of raw waters and 
membrane fouling tests 
I characterized the relative abundance of terrestrial and microbial DOM in raw and 
MIEX-pretreated waters, as well as in foulant layers, using EEMs. A representative EEM 
obtained for raw UL water is shown in Figure 2.5a. The EEM analysis indicates that the main 
components of organic matter present in raw UL water were terrestrial DOM (components A and 
C) and microbial DOM (component T) (Leenheer & Croué, 2003; Diane M McKnight et al., 
2001; C. Stedmon et al., 2003). Components A, C and T were also the main fluorescent organic 
components identified in the EEMs of all other raw waters investigated (see Figure 2.5b for 
fluorescence intensities at peak A, C and T in all raw water samples).  
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Figure 2.5. (a) Fluorescence excitation-emission matrix (EEM) of raw UL water. Components A 
and C correspond to terrestrial DOM, and component T corresponds to microbial DOM. (b) 
Fluorescence intensity (Raman units) of components A, C and T for all raw waters. (c) Removal 
of components A, C, and T by MIEX 2 mL/L pretreatment from all raw waters. Error bars 
correspond to the standard deviation of results obtained in triplicate tests. 
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The fluorescence intensity of components A, C, and T for all raw waters is presented in 
Figure 2.5b, and the percentage removal of the fluorescence intensity of each component by 
MIEX 2 mL/L pretreatment is presented in Figure 2.5c. Three observations can be made from 
the results in Figure 2.5 regarding the relative abundance of the different types of organic 
fractions in the raw waters and their respective removal by MIEX pretreatment. First, in every 
raw water, the terrestrial DOM (components A and C) had greater fluorescence intensity than 
microbial DOM (component T), thus indicating greater abundance of terrestrial DOM over 
microbial DOM (Figures 2.5a and 2.5b). This is consistent with literature findings for most 
natural waters (Coble, 2014). Second, there was no significant difference between the removal of 
the two terrestrial DOM components (components A and C) by MIEX pretreatment for any of 
the waters (Figure 2.5c). Lastly, the removal of terrestrial DOM (75-90% fluorescence loss of 
components A and C, Figure 2.5c) by MIEX was always higher than the removal of the 
corresponding microbial DOM (44-80% fluorescence loss of component T, Figure 2.5c). The 
preferential removal by MIEX of humic substances over biopolymers, such as proteins and 
polysaccharides, was previously reported for secondary effluent (Myat et al., 2013), and was 
explained by size exclusion/blockage of the resin exchange sites by the high molecular weight 
biopolymers compared to the smaller humic molecules. Overall, compared to microbial DOM, 
terrestrial DOM was both more abundant in all of the natural waters tested and was removed to a 
greater extent by MIEX pretreatment.  
To probe the fraction of DOM that fouled the membranes, I analyzed the EEMs of the 
backwash waters of membranes fouled with raw waters and MIEX2 waters. Figures 2.6a and 
2.6b show illustrative EEMs obtained for the backwash waters of raw UL and MIEX2 UL 
waters, respectively. Both EEMs are qualitatively similar, indicating the presence of both 
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microbial DOM (component T) and terrestrial DOM (components A and C), and relatively high 
and low fluorescence intensities associated with microbial DOM and terrestrial DOM, 
respectively. EEMs from all other backwash waters were obtained and the fluorescence 
intensities at peak A, C, T were extracted and are presented in Figures 2.6c-2.6d. Given that the 
membranes were backwashed with LGW, the presence of fluorescence signals associated with 
microbial and terrestrial DOM in the backwash waters indicates that both microbial and 
terrestrial DOM were present in the foulant layers.  
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Figure 2.6. (a, b) Fluorescence excitation-emission matrices (EEMs) of the backwash waters of 
membranes fouled with (a) raw UL water and (b) UL water pretreated with a MIEX dose of 2 
mL/L (MIEX2). Components A and C correspond to terrestrial DOM, and component T 
corresponds to microbial DOM. (c, d) Fluorescence intensity of components A, C, and T for the 
backwash waters of membranes fouled with (c) raw and (d) MIEX2 waters for all source waters. 
Error bars correspond to the difference between the average of samples from duplicate filtration 
tests and the value of either of the samples. 
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The EEMs obtained for all backwash waters were analyzed, and the corresponding results 
for the fluorescence intensities of components A, C, and T are presented in Figures 2.6c-2.6d. A 
comparison between the fluorescence intensities for raw waters (Figure 2.5b) and the 
corresponding fluorescence intensities for backwash waters of membranes fouled with the raw 
waters (Figure 2.6c) indicates that the relative abundance of microbial DOM (component T) with 
respect to that of terrestrial DOM (components A and C) was larger in all backwash waters than 
in their respective raw waters. Specifically, while the ratio between the fluorescence intensity of 
component T and the fluorescence intensity of component A for the raw SR, PL, CC, UL, MS 
and PB waters were 0.06, 0.16, 0.20, 0.21, 0.22 and 0.13, respectively, the corresponding ratios 
for the backwash waters were 0.13, 0.45, 0.78, 1.13, 1.78 and 1.02. The same trend is observed 
from a comparison of the fluorescence intensities for MIEX2 waters and the corresponding 
fluorescence intensities for backwash waters of membranes fouled with MIEX2 waters. These 
results suggest that microbial DOM caused preferential fouling over terrestrial DOM, relative to 
their respective abundance in feed waters, despite the fact that all feed waters had a significantly 
higher concentration of terrestrial DOM than of microbial DOM. This finding is consistent with 
previous studies showing that protein-like materials were major contributors to LPM membrane 
fouling during filtration of secondary effluent (Fan et al. 2008; Nguyen et al., 2010) and natural 
surface water (Lee et al., 2006; Shao et al. 2014), and that fouling correlates with biopolymers in 
the filtration of surface water (Yamamura et al., 2007).  
A comparison between the fluorescence intensities for backwash waters of membranes 
fouled with raw waters (Figure 2.6c) and membranes fouled with corresponding MIEX2 waters 
(Figure 2.6d) shows that the relative abundance of microbial DOM with respect to that of 
terrestrial DOM was greater in the foulant layers of membranes fouled with the MIEX-pretreated 
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waters. This observation is consistent with the previous finding that MIEX preferentially 
removes terrestrial DOM over microbial DOM (Figures 2.5b-2.5c) and therefore that the feed 
water to the membranes after MIEX treatment is enriched in microbial DOM compared to 
terrestrial DOM, thereby providing a greater opportunity for membrane fouling by microbial 
DOM. 
Clean water (LGW) permeability tests of the membrane after hydraulic cleaning showed 
that the foulant layers from the fouling tests were effectively removed by hydraulic cleaning (i.e., 
average of 98.8% permeate water flux recovery). Lee et al., (2004) reported that fouling of UF 
membranes was caused mainly by cake/gel layer formation and this fouling could be recovered 
effectively by backwashing. Similarly, Myat et al. (2014) reported that cake layer formation was 
the dominant fouling mechanism in filtration studies in which the filter cake was comprised 
mainly of biopolymers that could be extensively removed by hydraulic backwashing. The 
similarity between my results and those from the literature discussed above in terms of foulant 
layer composition and its removal by hydraulic cleaning suggests that cake layer formation was 
the primary fouling mechanisms in this study. 
Overall, the results show that while microbial DOM (component T) is present in lowest 
abundance in all of the raw waters tested, it is disproportionately more important to membrane 
fouling than terrestrial DOM, relative to their respective abundance in the feed water. In 
addition, microbial DOM is also the fraction that is least effectively removed by MIEX 
pretreatment.  
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2.3.6. Component T as a quantitative indicator of membrane fouling potential reduction by 
MIEX 
I used least-square linear regression analysis to evaluate the correlation between LPM 
fouling potential reduction by MIEX pretreatment and the fluorescence intensity of component T 
in raw waters (Figure 2.7). The results show that the percent UMFI reduction by MIEX and the 
fluorescence intensity of component T were strongly correlated (R2=0.95, p=0.001 for MIEX2, 
and R2=0.79, p=0.04 for MIEX10) via an inverse linear correlation. Similar analyses performed 
for components A and C (Figures A4a-b in Appendix A) indicated that the UMFI reduction by 
MIEX 2 and 10 mL/L pretreatment was not strongly correlated to their respective fluorescence 
intensities (R2=0.37-0.58, p=0.08-0.28 for component A, and R2=0.42-57, p=0.08-0.24 for 
component C). These results indicate that, at a significance level of 0.05, membrane fouling 
potential reduction by MIEX is strongly correlated only to the fluorescence intensity of microbial 
DOM (not terrestrial DOM), where the effectiveness in membrane fouling potential reduction by 
MIEX decreases as the fluorescence intensity of microbial DOM increases in raw waters. 
Therefore, the results indicate that the fluorescence intensity of component T in a source water 
may serve as a quantitative indicator of the effectiveness of MIEX treatment to reduce membrane 
fouling potential for that water.  
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Figure 2.7. Low-pressure membrane fouling potential reduction by MIEX 2 and 10 mL/L 
pretreatment as a function of the fluorescence intensity of component T (microbial DOM). The 
figure contains data for all six water sources treated with 2 mL/L MIEX dose (MIEX2) and 10 
mL/L MIEX dose (MIEX10), except CC+MIEX10 experiment due to the limited water sample 
availability. 
Overall, the results indicate that given that microbial DOM causes preferential fouling 
over terrestrial DOM, but MIEX does not remove microbial DOM as well as it removes 
terrestrial DOM, the efficacy of MIEX to reduce LPM fouling is lower in waters enriched with 
microbial DOM. Therefore, for membrane pre-treatment applications targeting fouling potential 
reduction, further development of the MIEX resin should target increasing the removal of 
microbial DOM. 
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2.4. Conclusions 
I studied the minimization of low-pressure PVDF membrane fouling by pretreatment of 
feed waters using MIEX resin. I investigated the relationship between DOM removal by MIEX 
(extent and type of DOM removed) and the associated LPM fouling reduction. My results and 
discussion support the following main conclusions:  
• MIEX pretreatment reduced the membrane fouling potential (quantified by the percent 
UMFI reduction) of all waters. However, the reduction in fouling potential varied 
significantly among the different waters and did not correlate strongly with the removal 
of DOC or UVA254 by MIEX, reduction of SUVA by MIEX, or initial DOC, UVA254 or 
SUVA values in raw waters. 
• Organic matter characterization using EEMs showed that MIEX preferentially removed 
terrestrial DOM over microbial DOM. However, relative to their respective abundance in 
feed waters, microbial DOM was disproportionately more important to membrane fouling 
than terrestrial DOM.  
• Membrane fouling potential reduction was strongly correlated to the fluorescence 
intensity of microbial DOM at excitation/emission coordinates of 275/340 (nm/nm) via 
an inverse linear function.  
Based on the above conclusions, when pretreatment processes are used for DOM removal 
towards membrane fouling reduction, it is advisable to select a pretreatment process that 
effectively removes microbial DOM. 
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CHAPTER 3: MITIGATION OF LOW-PRESSURE MEMBRANE FOULING BY FIVE 
WATER PRETREATMENT PROCESSES AND ITS CORRELATION TO MICROBIAL 
DISSOLVED ORGANIC MATTER IN SOURCE WATERS AND FOULANT LAYERS 
3.1. Introduction 
Ultrafiltration (UF) membranes have been widely employed in drinking water treatment 
and wastewater reuse (Cote et al., 2001; Lebeau et al., 1998). UF membrane filtration is effective 
in removing suspended solids, and therefore it can simplify the conventional water treatment 
process by replacing the coagulation, flocculation, and sedimentation steps (Lee et al., 2004). UF 
membrane filtration is also capable of maintaining performance over a wide range of fluctuations 
in feed water quality (Zularisam et al., 2006). However, a major limitation that constrains 
implementation of UF membrane filtration in drinking water systems is membrane fouling 
(Huang et al., 2009a; Zularisam et al., 2006). Fouling occurs when organic or inorganic particles, 
microorganisms, or dissolved macro molecules deposit on the membrane surface or into the 
membrane pores leading to permeate water flux decline over time of operation (Carroll et al., 
2000; Cheryan, 1998). 
In drinking water UF applications, dissolved organic matter (DOM) is considered to be a 
major foulant (Gary and Cho, 1999; Kaiya et al., 1996) with numerous studies demonstrating 
that the DOM present in natural waters is responsible for the observed decline in permeate water 
flux (Cho et al., 1999; Fan et al., 2001). One approach to control membrane fouling is the use of 
pretreatments to remove foulants before they reach the membrane (Gao et al., 2011; Howe et al., 
2007; Huang et al., 2009a). Currently, the major pretreatments that are typically applied in full-
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scale membrane filtration systems include coagulation, adsorption, pre-oxidation, and magnetic 
ion exchange (MIEX) resin (Cui and Choo, 2014; Gao et al., 2011; Huang et al., 2009a). 
Numerous studies have investigated the effect of different pretreatment technologies, and their 
combinations, on membrane fouling. However, as noted below, the reported efficacy of the 
various technologies at reducing UF membrane fouling is inconsistent among different studies. 
Various researchers (Carroll et al., 2000; Howe et al., 2007; Konieczny et al., 2009) have 
reported that coagulation successfully reduces low-pressure (i.e., microfiltration (MF) and UF) 
membrane fouling by surface waters; however, Maartens et al., 1999 reported that coagulation 
did not always reduce UF membrane fouling. Also, the combined use of coagulation and ion 
exchange resin (Humbert et al., 2007), as well as that of alum coagulation and powder activated 
carbon (PAC) adsorption (Carroll et al., 2000), were reported to result in water with lower rate of 
fouling compared to the corresponding raw waters. 
While most studies reported that PAC pretreatment reduced fouling of low-pressure 
membranes (Campinas and Rosa, 2010; Kim et al., 2008; Konieczny & Klomfas, 2002; Zhang et 
al., 2011), other studies reported that PAC addition to the feed had no effect on membrane 
permeate water flux (Mozia & Tomaszewska, 2004) or even caused more severe membrane 
fouling (Lee et al., 2000; Lin et al., 1999; Zhao et al., 2005). Moreover, Kim et al. (2008) found 
that PAC adsorbed non-fouling molecules preferentially over foulants of a UF membrane. 
Pre-oxidation has been found to be effective in reducing organic fouling of low-pressure 
membranes (Huang et al., 2009a; Liang et al., 2009). Pilot-scale UF membrane tests with algae-
rich water showed that algae fouling could be mitigated by combined use of permanganate and 
chlorine (Heng et al., 2008). The ability of chlorine to reduce the size of colloidal particles was 
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found to account for fouling alleviation in UF (Ha et al., 2004). However, Chae et al. (2008) 
reported that oxidization and deposition of inorganic substances from pre-chlorination could 
exacerbate membrane fouling.  
Some studies reported that feed water pretreatment with the magnetic ion exchange resin 
MIEX® (Ixom Watercare) reduced MF and UF fouling (Zhang et al., 2006, 2008), and improved 
membrane lifetime in river water filtration (Dixon et al., 2010). Recent long-term fouling studies 
also found that MIEX-pretreated secondary effluent had a lower fouling rate compared to 
untreated secondary effluent (Myat et al., 2013; 2014). By contrast, other studies reported minor 
improvement or no change in permeate water flux decline in low-pressure membranes after 
MIEX pretreatment (Fabris et al., 2007; Humbert et al., 2007; Son et al., 2005). Consistent with 
the disparity observed among different studies in the literature with respect to the efficacy of 
MIEX at reducing membrane fouling, the results in Chapter 2 showed that the efficacy of MIEX 
in reducing UF membrane fouling by DOM varied widely with source water. In Chapter 2, this 
variability was attributed to the fact that while the membranes were fouled preferentially by 
microbial DOM compared to terrestrial DOM, relative to their respective concentrations in the 
membrane feed waters, MIEX preferentially removed terrestrial DOM over microbial DOM. 
Since DOM has a broad range of concentrations and compositions, and its chemistry is 
complex and highly variable from water to water, various DOM characterization techniques have 
been employed in order to determine the key foulants in membrane filtration systems. DOM in 
natural water can be characterized according to its sources of origin as terrestrially derived (from 
plant decay) or microbially derived (from algal or phytoplankton and bacterial origin), or 
according to operationally defined chemical groups having similar properties such as humic-like 
or protein-like (McKnight et al., 2001; Stedmon et al., 2003). One technique that has been 
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proven effective in detecting the presence and relative abundance of different types of DOM in 
water is 3D fluorescence excitation-emission matrix (EEM) spectroscopy (Coble, 1996; Mobed 
et al., 1996). Because of these capabilities, EEM spectroscopy is a promising tool to monitor 
organic matter in drinking water and wastewater treatment plants, including the removal of DOM 
fractions (Baghoth et al., 2011; Murphy et al., 2011), and their contribution to membrane fouling. 
For example, in previous studies EEM analysis showed that protein-like DOM was the major 
foulant in low-pressure membrane filtration of secondary effluent (Fan et al., 2008; Henderson et 
al., 2011), waters containing extracellular organic matter secreted by algae (Yu et al., 2014), and 
surface water (Lee et al., 2006; Shao et al., 2014). In particular, Shao et al. (2014) reported a 
significant correlation between UF membrane fouling and protein-like compounds. Similarly, the 
results presented in Chapter 2 showed that protein-like DOM was the major low-pressure 
membrane foulant for a range of water sources, and that the reduction of fouling by MIEX 
pretreatment was inversely correlated to the fluoresence intensity of microbial DOM. Thus, EEM 
could potentially be used to better understand the differences in efficacy of pretreatment 
processes in reducing UF membrane fouling through the characterization of the types of DOM 
removed by each pretreatment and those that cause fouling. 
As described above, the efficacy in fouling reduction reported in the literature for the 
various pretreatment processes is inconsistent among different studies; it is not known whether 
this inconsistency is the result of differences in source waters and/or experimental protocols 
among studies. Further, there is no reported comprehensive study that compares the efficacy of 
the various pretreatment technologies in reducing UF membrane fouling, nor a study that 
investigates the relationship between the performance of each pretreatment technology and the 
removal of microbial DOM from source waters. Accordingly, this study aimed to: (i) evaluate 
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the efficacy of coagulation (alum and ferric chloride), PAC adsorption, pre-oxidation by free 
chlorine, and MIEX resin in reducing UF membrane fouling by DOM; (ii) identify the 
pretreatment processes that are more effective in reducing membrane fouling; and (iii) 
investigate the relationship between reduction of membrane fouling and removal of microbial 
DOM from source waters. I examined a group of seven water sources with a broad range of 
water quality and a polyvinylidene fluoride (PVDF) UF membrane. Consistent experimental 
protocols were used for all waters, and EEM spectroscopy was used to characterize the types of 
DOM in source and treated waters, as well as in foulant layers. I assess whether EEM can be 
used as a tool to predict the capability of any given pretreatment process to reduce fouling by 
source waters. 
3.2. Materials and Methods 
3.2.1. Water sources 
Five natural and two synthetic model waters were used. The water quality of the “raw” 
water samples is summarized in Table 3.1. “Raw” refers to the state of the waters after 1.2-µm 
filtration, as described below. Water quality parameters measured or calculated included pH, 
ultraviolet absorbance at 254 nm (UVA254), dissolved organic carbon (DOC), specific UV 
absorbance (SUVA), conductivity, and EEM analyses with particular focus on emission 
intensities at excitation/emission coordinates of 250/450 (nm/nm) (peak A, terrestrial fulvic acid-
like substances stimulated by UV excitation), 350450 (nm/nm) (peak C, terrestrial humic acid-
like substances stimulated by visible excitation), and 275/340 (nm/nm) (peak T, tryptophan-like 
or microbial protein-like substances) in Raman Unit (RU) (Chen et al., 2003; Cory and 
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McKnight, 2005; Yamashita and Tanoue, 2003). Further details about fluorescence DOM 
characterization are presented in Section 3.2.4. 
Table 3.1. Water quality of raw waters. 
Water source pH UVA254 
(cm-1) 
DOC 
(mg/L) 
SUVA 
(L/mg.m) 
Conductivity 
(µS/cm) 
Peak 
A 
(RU) 
Peak 
C 
(RU) 
Peak 
T 
(RU) 
SR: Suwanee 
River humic acid 
(IHSS standard) 
6.8 0.214 4.5 4.7 46.6 1.01 0.27 0.06 
PL: Pony Lake 
fulvic acid 
(IHSS standard) 
7.0 0.143 7.2 2.0 27.3 1.95 0.67 0.27 
UL: University 
Lake (Lake, 
Carrboro, NC) 
6.9 0.146 5.6 2.7 116 1.42 0.45 0.26 
PB: West Palm 
Beach (Lake, palm 
Beach, FL) 
7.0 0.239 14 1.7 639 3.74 0.87 0.37 
MS: Muscle 
Shoals  
(Stream, Muscle 
Shoals, AL) 
7.5 0.042 2.3 1.9 181 0.62 0.17 0.13 
WR: White River  
(Stream, 
Indianapolis, IN) 
7.6 0.077 3.8 2.0 994 1.30 0.40 0.25 
MF: Mason Farm  
(Secondary treated 
wastewater, 
Chapel Hill NC) 
7.1 0.099 5.4 1.9 505 1.82 0.92 0.55 
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As observed in Table 3.1, the selected water sources provided a broad range of raw water 
quality. Natural water samples were collected from the intake of drinking water treatment plants 
that used as source waters the University Lake (UL) in Chapel Hill, North Carolina, the 
Tennessee River in Muscle Shoals (MS), Alabama, the Clear Lake in West Palm Beach (PB), 
Florida, and the White River (WR) in Indianapolis, Indiana, all located in the United States of 
America. Treated secondary wastewater effluent was obtained from the Mason Farm (MF) 
wastewater treatment plant in Chapel Hill, North Carolina. Natural water samples were either 
collected from nearby sites or shipped via overnight carrier with cold-packs to the laboratory at 
the University of North Carolina at Chapel Hill. Upon arrival, the insoluble matter was removed 
using 1.2-µm glass fiber filters (Whatman, Piscataway, NJ) pre-rinsed with deionized lab grade 
water. Synthetic waters were prepared from Suwannee River humic acid standard II (SR) and 
Pony Lake fulvic acid reference (PL) from the International Humic Substances Society (IHSS) 
using the procedure described by Cory et al., 2010. The SR and PL isolates are IHSS references 
for terrestrially-derived humic acids and microbially-derived fulvic acids, respectively (Averett 
et al., 1994; Brown et al., 2004). Chemical characteristics and elemental compositions of these 
acids can be found elsewhere (IHSS, 2016). All samples were stored at 4°C in the dark and 
allowed to reach room temperature (20±2 °C) prior to each experiment. 
3.2.2 Feed waters for membrane fouling tests 
For membrane fouling tests, source waters were used either in their raw state (as defined 
in Section 3.2.1) or pretreated using one of the following processes: ion exchange (MIEX resin, 
Ixom Watercare Inc.), alum coagulation (Al2(SO4)3·(14-16)H2O, Fisher Chemical Co., Fair 
Lawn, NJ, USA), ferric chloride coagulation (FeCl3, Fisher Chemical Co.), PAC adsorption 
(DARCO® 100 mesh particle size, Norit Americas, Inc., Marshall, TX, USA), chlorination with 
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sodium hypochlorite (NaOCl, Fisher Chemical Co.), or dilution with DI water. Waters treated 
with MIEX, alum/FeCl3 coagulation, and PAC were decanted after settling and filtered through a 
1.2-µm glass fiber filter prior to membrane fouling tests to remove any remaining MIEX beads, 
carry over flocs, or PAC particles. Thus, in this study, fouling occurred only from dissolved 
(<1.2 µm in size) fractions of organic matter. For each combination of source water and 
pretreatment process (see summary in Figure 3.1), tests were performed in triplicate and the 
average results and corresponding standard deviations of the triplicate tests are reported. Details 
about each pretreatment process are described in Sections 3.2.3-3.2.7.  
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Figure 3.1. Summary of source waters and pretreatment processes used for membrane fouling 
experiments. 
3.2.3 MIEX pretreatment 
MIEX pretreatment experiments were performed in batch mode using a six-paddle stirrer 
(Phipps and Bird Inc., Richmond, VA, USA) as described by Singer & Bilyk, 2002, and a MIEX 
dose of 2 mL/L. The resin dose is reported as milliliters of settled resin (withdrawn from a 
graduated cylinder) per liter of water treated. The 2 mL/L MIEX dose was chosen on the basis of 
the results obtained from initial tests that evaluated the impact on DOM removal of MIEX doses 
in the range of 1-10 mL/L. The results from these initial tests showed that for all waters except 
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the SR water, DOC removal increased with MIEX dose up to a dose of 2 mL/L, above which no 
significant increase in DOC removal was observed (see Figure 2.2 and Figure C1a in Appendix 
C). The 2 mL/L MIEX dose corresponds to a resin service of 500 bed volumes (BV) (i.e., bed 
volume = treated water volume/MIEX dose), which resembles a typical resin dose (600 BV) in 
full-scale treatment plants (Myat et al., 2014). 
3.2.4 PAC adsorption pretreatment 
PAC adsorption experiments were performed with DARCO® PAC, −100 mesh particle 
size, obtained from Sigma Aldrich (St. Louis, MO, USA). The tests were performed in 1-L 
amber bottles, providing mixing (500 rpm) with a magnetic stirrer during 3 hours of contact 
time. This contact time was chosen on the basis of the results obtained from initial 24-hr mixing 
tests using UL water that evaluated DOM removal by PAC as a function of time. The results 
from these initial tests showed that no significant additional DOM removal occurred after 3 
hours. PAC doses in the range of 20-30 mg/L were used. The specific PAC doses used were 
chosen on the basis of results obtained from initial tests for each water that evaluated DOC 
removal as a function of PAC dose in the 5-40 mg/L range (see Figure C1b in Appendix C). The 
results from these initial tests showed that even though DOC removal increased monotonically 
with PAC dose, the point of diminishing returns for DOC removal was in the range of 20-30 
mg/L for all source waters, which was in the upper end of typical PAC doses applied at full scale 
(American Water Works Association, 1999).  
3.2.5 Coagulation pretreatment 
Coagulation pretreatment experiments were performed using a six-paddle stirrer (Phipps 
and Bird Inc.). After coagulant (alum or FeCl3) addition, rapid mix was simulated by mixing at 
	 76 
100 rpm for 1 min, flocculation was performed at 35 rpm for 20 min, and flocs were allowed to 
settle for 30 min (Singer and Bilyk, 2002). Coagulant doses in the range of 20-50 mg/L were 
used. The specific coagulant doses used were chosen on the basis of results obtained from initial 
tests for each water that evaluated DOC removal as a function of coagulant dose in the range of 
10-50 mg/L (see Figures C1c-C1d in Appendix C). The results from these initial tests showed 
that the optimum coagulant dose (i.e., the point of diminishing returns for DOC removal, as is 
the requirement for enhanced coagulation (Archer and Singer, 2006)) was in the range for 20-50 
mg/L for all source waters.  
3.2.6 Chlorination pretreatment 
Chlorination pretreatment was performed using sodium hypochlorite (NaOCl) dosed 
from a 1,000 mg/L as Cl2 dosing solution. The dosing solution was prepared by diluting a 5.65-
6% NaOCl stock solution (Fisher Chemical Co.) and was standardized with 0.1 N sodium 
thiosulfate solution (Na2S2O3) (Fisher Chemical Co.) to verify its true strength. Source waters 
were dosed with free chlorine concentrations (as Cl2) equal to two times the DOC concentration 
(as C) in raw waters, which is consistent with the criterion used for chlorine dosing by all plants 
providing data in the Information Collection Rule (Obolensky et al., 2007). This corresponded to 
free chlorine concentrations in the range of 5-28 mg/L as Cl2 for all source waters. Chlorination 
pretreatment was performed in amber bottles, mixing the chlorinated solution for 30 min at 100 
rpm using a magnetic stirrer. Then, the residual free chlorine was quenched by addition of 
sodium bisulfite at the molar ratio bisulfite:chlorine of 1:1 for all waters. To ensure that no free 
chlorine residual remained after quenching, free chlorine residual was measured using a Hach 
colorimeter (DR/890, Hach Co., Loveland, CO). Control samples consisting of DI water dosed 
with the same concentrations of free chlorine and sodium bisulfite as the source waters were 
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analyzed for the same water quality parameters as chlorinated source waters to ensure that 
neither of the chemicals interfered with DOM characterization. 
3.2.7 Dilution 
For each source water, Raw water samples were diluted with DI water targeting the same 
level of DOC content reduction (30-70%) achieved by MIEX pretreatment at a dose of 2mL/L. 
Dilution was used to reduce DOC content without changing the relative composition or 
characteristics of fluorescent DOM in the water. In other words, diluted waters had lower DOC 
and UVA254 content but the same SUVA and fluorescence signature (other than intensity), as 
their corresponding Raw waters.  
3.2.8 Bench-scale membrane fouling tests 
Fouling tests were performed using a bench-scale membrane filtration system (Figure 2.1 
and Figure 3.2) consisting of a UF membrane module, 500-mL filtration reservoir, peristaltic 
feed and permeate pumps (Masterflex, Cole-Parmer, Vernon Hills, IL), and a digital scale 
(Ohaus, Parsippany, NJ) connected to a computerized system for recording permeate water 
volumes. The membrane module consisted of four PVDF UF hollow fibers (GE Water & Process 
Technologies, Ontario, Canada). The membranes had a contact angle in the range of 60-65o 
(provided by the manufacturer), nominal pore size of 0.04 µm, and outside diameter of 1.95 mm, 
providing a total membrane surface area of 39.2 cm2. The system was operated under a constant 
vacuum pressure of 5.8 psi (40 kPa). For each fouling test, permeate water flux decline was 
monitored continuously for 5 hours. The initial water flux was in the range of 8.43-10.8 cm/hr 
for all source waters, and had a variation of no more than 5% among the seven different 
pretreatment methods tested for each source water (see Table C1 in the Appendix C). Feed, 
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concentrate, and permeate water samples were collected at 1, 3, and 5 hours of filtration time for 
organic matter analyses (see Section 3.2.10). Fouling experiments were performed in duplicate 
for all conditions tested. 
 
Figure 3.2. Schematic of UF membrane system used for low-pressure membrane (LPM) fouling 
tests 
At the end of each fouling test, the module was cleaned both hydraulically and 
chemically (see details in Section 2.2.3). The average recoveries of permeate water flux achieved 
after hydraulic cleaning and chemical cleaning were 95.7±3.11% and 100.1±3.74%, respectively 
(see Table C1 in Appendix C), indicating effective removal of the foulant layers by the cleaning 
procedures.  
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3.2.9 Quantification of membrane fouling potential of test waters 
For each fouling test performed, the fouling potential of the water sample tested was 
quantified using the unified membrane fouling index (UMFI, m2/m3) (Huang et al., 2008; 
2009b). The procedure used to obtain UMFI values was explained in detail in Section 2.2.3. 
3.2.10 Characterization of organic matter 
Water samples before and after pretreatment, and membrane permeate, concentrate and 
backwash solutions were analyzed for UVA254, DOC, and EEM as described in detail in Section 
2.2.4. 
EEMs of the water samples were acquired in a 1-cm cell using a Fluorolog-321 spectro-
fluorometer with xenon arc lamp as the excitation source and synapse CCD detector (Horiba 
JobinYvon, Edison, NJ, USA). Excitation wavelengths of 240-450 nm in 5-nm intervals and 
emission wavelengths of 320-550 nm in 1-nm intervals were used. A matrix of correction factors 
accounting for inner-filter effects of each EEM was created as described elsewhere (Cory et al., 
2010; Ohno, 2002) from absorbance spectra (200-600 nm) of a sample measured in a 1 or 5 cm 
cell using a diode array UV-Vis spectrophotometer (Hewlett Packard, Palo Alto, CA, USA). 
EEMs obtained using DI water were collected daily as blanks for correction of EEMs obtained 
with all other water samples.  
EEMs of water samples were corrected for instrument-specific excitation and inner-filter 
effects, and were blank-subtracted. Then, the intensities of each EEM were normalized to the 
area under the water-Raman peak at 350 nm excitation to report data in Raman Units (RU) (Cory 
et al., 2010; Stedmon et al., 2003). The relative abundance of different types of DOM in solution 
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was characterized via the emission intensities of the common reoccurring fluorophores in the 
three peak regions A, C, and T. Peak A (terrestrial fulvic-like substances), peak C (terrestrial 
humic-like substances), and peak T (tryptophan-like or microbial protein-like substances) are 
identified by their emission intensities at excitation/emission pairs of 250/450, 350/450, and 
275/340 (nm/nm), respectively (Coble, 1996; Stedmon et al., 2003) (see Sections 1.1.6 and 
2.2.4). All EEMs corrections were done using Matlab v8.6.0.267246 R2015b (MathWorks, 
Natick, MA, USA). Statistical analyses (i.e., ANOVA, the Bonferroni correction, and hypothesis 
t-test) were done using Stata IC 13.1 (StataCorp LP, College Station, TX, USA). 
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3.3. Results and discussion 
3.3.1 Fouling potential of Raw waters 
The membrane fouling potential of test waters was quantified via the UMFI as described 
in Section 3.2.3. The flux decline curves for all seven water sources and seven pretreatment 
processes are shown in Figure C2-C8 in Appendix C. The linear fittings to Equation 2.1 to 
estimate corresponding UMFI values are presented in the same figures. Figure 3.3a shows the 
UMFI of Raw waters normalized to their DOC with the initial UMFI (m2/m3) indicated in 
parentheses next to the source water label on the x-axis. The UMFI and UMFI/DOC ratio of Raw 
waters varied greatly with water source, covering the ranges of 1.1-7.3 m2/m3 and 0.16-1.48 
m2.L/m3.mg, respectively. Specifically, the lowest UMFI values were obtained for the two model 
waters (PL and SR with 1.1 and 1.5 m2/m3, respectively), and the highest UMFI values were 
obtained for the two lake waters (PB and UL with 6.7 and 7.3 m2/m3, respectively). Intermediate 
values were obtained for the two stream waters (MS and WR with 3.4 and 5.0 m2/m3, 
respectively) and the secondary effluent (MF, 5.7 m2/m3). The lowest UMFI/DOC ratios were 
also obtained for the two model waters (PL and SR with 0.16 and 0.33 m2.L/m3.mg, 
respectively), and the highest UMFI/DOC ratios were obtained for two stream waters (MS and 
WR with 1.48 and 1.32 m2.mg/m3.L, respectively). Intermediate values were obtained for the UL 
lake water and MF secondary effluent (1.30 and 1.06 m2.mg/m3.L, respectively).  
Consistent with observations in previous studies (Henderson et al., 2011; Shao et al., 
2014; Tian et al., 2013) and in Chapter 2, the fouling potential of the source waters was not 
correlated to their DOM concentration. For example, while the DOC content in MF water (5.4 
mg-C/L) was similar to that in UL water (5.6 mg-C/L), the fouling potential of MF water (5.7 
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m2/m3) was much lower than that of UL water (7.3 m2/m3). Similarly, while the UVA254 of PB 
water (0.239 cm-1) was greater than in UL water (0.145 cm-1), the fouling potential of PB water 
(6.7 m2/m3) was much lower than that of UL water (7.3 m2/m3). Therefore, gross measurements 
of organic carbon content such as DOC and UVA are not adequate predictors of membrane 
fouling potential.  
It is also worth noting that while the DOC content of the Raw model waters (4.5-7.0 mg-
C/L) was in the range of the DOC content of the surface waters (2.3-14 mg-C/L), the fouling 
potential of the model waters (1.1-1.5 m2/m3) was significantly lower than that of the surface 
waters (3.4-7.3 m2/m3). Therefore, the results indicate that model waters prepared using SR or 
PL isolates alone do not represent well the fouling potential of natural surface waters. 
3.3.2 Fouling potential reduction by pretreatment processes 
The UMFI reductions achieved by each pretreatment process for each water source are 
presented in Figure 3.3b. The results show that for each pretreatment process, the percentage 
UMFI reduction varied greatly with water source. This observation is in agreement with the 
inconsistencies that exist in the literature for the reported efficacies of pretreatment processes at 
reducing membrane fouling. Specifically, the percentage UMFI reduction was in the range of 10-
73% for MIEX, 8-40% for PAC, 45-88% for Al-Coag, 39-95% for Fe-Coag, 9.0-45% for 
NaOCl, and 45-68% depending upon the degree of dilution. Substantial variability was also 
observed in the efficacies achieved by the different pretreatment processes for each water.  
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Figure 3.3. (a) UMFI normalized by DOC for the seven water sources (SR, PL, UL, PB, MS, 
WR, and MF); the initial UMFI (m2/m3) for each Raw water is indicated in parentheses next to 
the source water label on the x-axis. (b) Percentage UMFI reduction by MIEX, PAC, Al-Coag, 
Fe-Coag, and NaOCl pretreatments and Dilution in each source water, and (c) Box-and-whisker 
plots for each pretreatment process displaying the statistical distribution of percentage UMFI 
reduction across the seven water sources. The bottom and top of the boxes represent the 25th and 
75th percentiles, respectively, and the band inside the box represents the median. The ends of the 
whiskers represent the minimum and maximum removal values obtained. The data from 
coagulation experiments using PL water was not included in the plots due to the lack of floc 
formation.  
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Figure 3.3c summarizes the average UMFI reduction across all seven water sources for 
each pretreatment process in the form of box-and-whisker plots. On average, Al-Coag (68%) and 
Fe-Coag (67%) were the most effective pretreatment processes at reducing fouling potential 
across the range of waters tested, achieving average fouling reductions greater than those 
achieved by Dilution (56%). By contrast, PAC (23%) and NaOCl (22%) were not effective in 
reducing the fouling potential of surface waters (UL, PB, MS, WR) or treated effluent water 
(MF). MIEX (35%) was generally less effective in fouling reduction than coagulation, but more 
effective than PAC and NaOCl, and had the greatest variability in performance across different 
water sources. Note that, as reported in Chapter 2, MIEX was less effective in reducing fouling 
than Dilution even though diluted waters had (by design) a DOC content similar to that of 
MIEX-pretreated waters.  
Bonferroni correction analyses indicated that, overall, there was no statistically 
significant difference (p=1.000) in percentage UMFI reduction among Al-Coag and Fe-Coag 
pretreatments and Dilution, or among MIEX, PAC, and NaOCl pretreatments, and that Al-Coag 
and Fe-Coag pretreatments achieved statistically significantly (p=0.000-0.016) higher UMFI 
reduction than MIEX, PAC, and NaOCl pretreatments. These findings are consistent with a 
previous study which found that alum coagulation was more effective than MIEX and PAC in 
reducing MF membrane fouling by two surface waters (Fabris et al., 2007), and with a second 
study that found that a combination of FeCl3 and alum coagulation was more effective than 
MIEX pretreatment in reducing UF membrane fouling (Humbert et al., 2007).  
As pointed out earlier, SR and PL isolates did not represent well the fouling potential of 
natural waters. Thus, I treated data from the two synthetic model waters (SR, PL) as outliers and 
recalculated the average fouling potential reductions for each pretreatment process using only the 
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results for surface waters (UL, PB, MS, WR) and the secondary effluent (MF). The results 
showed that the ranking of efficacy in average fouling potential reduction remained the same: 
Al-Coag (71%), Fe-Coag (66%), Dilution (58%), MIEX (27%), PAC (19%), and NaOCl (15%). 
Bonferroni analyses on this data set showed that the previous conclusion (drawn for all water 
sources), that coagulation is more effective than the other pretreatment processes at reducing UF 
membrane fouling potential, is valid with a higher degree of statistical significance (p=0.000-
0.004) when one looks only at the surface waters and secondary effluent.  
3.3.3 Removal of DOM by pretreatment processes  
Towards understanding the reasons behind the differences observed among pretreatment 
processes on the reduction of membrane fouling potential, I evaluated the effectiveness of DOC 
removal by each pretreatment process (Figure 3.4). The results in Figure 3.4a indicate that for 
any given water source, the extent of DOC removal varied substantially across pretreatment 
processes, with MF and SR waters showing the narrowest (0.74-42.3%) and widest (0.74-91.3%) 
ranges of DOC removal.  
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Figure 3.4. Removal of DOC from source waters by MIEX, PAC, Al-Coag, Fe-Coag and NaOCl 
pretreatments, and Dilution. (a) Percentage DOC removal from each source water; the initial 
DOC (mg-C/L) content for each source water is indicated in parentheses next to the source water 
label on the x-axis. (b) Box-and-whisker plots for each pretreatment process displaying the 
statistical distribution of percentage DOC removal across the seven water sources (SR, PL, UL, 
PB, MS, WR, and MF). The bottom and top of the box represent the 25th and 75th percentiles, 
respectively, and the band inside the box represents the median. The ends of the whiskers 
represent the minimum and maximum removal values obtained. The distinct data points 
correspond to outliers SR and PL model waters. (c) Percentage UMFI reduction as a function of 
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DOC removal by MIEX, PAC, Al-Coag, Fe-Coag, and NaOCl pretreatments and Dilution. The 
results presented for each combination of water source and pretreatment process correspond to 
the average of three replicate tests. 
Figure 3.4b summarizes the average percent DOC removal across all seven water sources 
for each pretreatment process in the form of box-and-whisker plots. On average, MIEX was the 
most effective pretreatment process at reducing DOC (28-64%) across the range of waters tested, 
achieving average DOC reductions similar to those achieved by Dilution. In contrast, NaOCl was 
not effective in reducing DOC (-4.8-2.5%). PAC (6.9-46%), Al-Coag (12-68%), and Fe-Coag 
(18-91%, where 91% removal for SR water was an outlier) were moderately effective in 
reducing DOC, with intermediate removals between those of MIEX and NaOCl.  
Bonferroni correction analyses indicated that, overall, there was no statistically 
significant difference (p=0.461-1.000) in percentage DOC removal among PAC, Al-Coag, and 
Fe-Coag. Further, Bonferroni correction analyses confirmed that DOC removal by MIEX and 
Dilution was statistically significantly greater (p=0.000-0.001) that those of the other 
pretreatment processes. The greater extent of DOC removal observed for MIEX is consistent 
with previous studies reporting that MIEX was more effective in DOC removal than coagulation 
(Boyer and Singer, 2006; Singer and Bilyk, 2002) and PAC (Humbert et al., 2008). 
A similar analysis to that performed for DOC removal was performed for UVA254 
removal (see Figure C9 in Appendix C). The results showed UVA254 removal trends similar to 
those for DOC removal, including a similar variability in DOM removal across pretreatment 
processes for each water source, and no significant difference in UVA254 removal between MIEX 
pretreatment and Dilution, or among PAC, Al-Coag, and Fe-Coag pretreatments. The results also 
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showed that NaOCl achieved the lowest percentage UVA254 removal. Note that the UVA254 
removal (21%) achieved by NaOCl despite not removing a statistically significant amount of 
DOC (Figure 3.4) was likely due to the breakdown of aromatic moieties in organic molecules by 
chlorine, which reduced the UV absorption capacity of DOM (Ha et al., 2004).  
3.3.4 Relationship between fouling potential reduction by pretreatment processes and their 
corresponding removal of DOM from source waters 
Figure 3.4c presents percentage UMFI reduction as a function of percentage DOC 
removal for all combinations of water source and pretreatment process. Statistical analyses of the 
data in Figure 3.4c show that there is no significant correlation between UMFI reduction and 
DOC removal, which is consistent with the findings in Chapter 2. This conclusion is valid both 
when all data for all pretreatment processes are analyzed as a single data set (R2=0.089, 
p=0.065), and when the data for each pretreatment process is analyzed independently (MIEX, 
R2=0.148, p=0.394; PAC, R2=0.065, p=0.582; Al-Coag, R2=0.056, p=0.652; Fe-Coag, R2=0.177, 
p=0.407; NaOCl, R2=0.456, p=0.096; Dilution, R2=0.013, p=0.808). As a noteworthy example, 
even though MIEX had the greatest average DOC removal (45%) and NaOCl had the lowest 
DOC removal (-0.42 %), there was no significant difference (p=1.000) between the percentage 
fouling reductions they achieved. A similar analysis to that performed for the relationship 
between UMFI reduction and DOC removal in Figure 3.4c was performed for the relationship 
between UMFI reduction and UVA254 removal (see Figure C9c in Appendix C). The analysis 
results showed no statistically significant correlation between them (p=0.057-0.925). 
Given that in Section 3.3.1 the SR and PL model waters were shown not to represent the 
fouling potential of natural waters, I also performed the regression analyses for the relationship 
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between UMFI reduction and DOC and UVA254 removals using only the data from surface 
waters (UL, PB, MS, WR) and secondary effluent (MF) as I did in Section 3.3.2. The results 
confirmed that there was not a strong correlation between UMFI reduction and DOC removal 
(p=0.064-0.899), nor between UMFI reduction and UVA254 removal (p=0.057-0.972). As for the 
case when all waters were included in the analysis, this conclusion is valid both when all data for 
all pretreatment processes are analyzed as a single data set, and when the data for each 
pretreatment process is analyzed independently.  
Therefore, overall, the results indicate that the DOC and UVA254 removals achieved by a 
pretreatment process are not good indicators of its effectiveness in reducing UF membrane 
fouling. This finding is consistent with the findings from Chapter 2 for MIEX pretreatment, 
where a lack of correlation was found between fouling potential reduction and DOM removal for 
a variety of surface and model DOM waters.  
3.3.5 Identification of major membrane foulants  
Given that fouling potential reduction did not correlate with DOC removal or UVA254 
removal for any of the pretreatment processes, I investigated the relationship between the organic 
matter fractions removed during pretreatment and those that fouled the membranes. Towards this 
end, EEM spectroscopy was used to characterize the relative abundance of terrestrial and 
microbial DOM in membrane feed (Raw and pretreated) and permeate waters, as was done for 
MIEX in Chapter 2, as well as in their foulant layers (through the analyses of the corresponding 
backwash waters). Figure 3.5 presents representative contour plots of EEMs generated from the 
analyses of MS Raw water (Figure 3.5a), and backwash waters containing DOM from the foulant 
layers of membranes fouled by MS Raw (Figure 3.5b) and pretreated waters (Figures 3.5c-3.5h). 
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The excitation/emission coordinates (nm/nm) corresponding to peaks A (250/250), C (350/450), 
and T (275/340) are indicated in Figure 3.5a, and are applicable to all other EEM plots.  
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Figure 3.5. Representative contour plots of EEMs generated from the analyses of (a) MS Raw 
water, (b) backwash water of membrane fouled with MS Raw water, and backwash waters of 
membranes fouled with MS water pretreated with (c) MIEX, (d) PAC, (e) Al-Coag, (f) Fe-Coag, 
(g) NaOCl, and (h) Dilution processes. The contour plots of EEMs generated from the analyses 
of backwash waters are descriptive of the organics present in the foulant layers of the 
backwashed membranes. 
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As depicted in Figure 3.5a, for MS Raw water, the terrestrial fractions of DOM (peaks A 
and C) had a significantly higher fluorescence intensity than the microbial fractions (peak T), 
indicating greater abundance of terrestrial DOM over microbial DOM. This is consistent with the 
typical relative abundance of these two DOM fractions in natural surface waters (Mostofa et al., 
2013). EEM results for MS pretreated waters were consistent with those for MS Raw water, 
showing greater fluorescence intensity of terrestrial DOM over microbial DOM (see Figure 3.6a-
f). By contrast, the EEMs of the foulant layers (backwash waters) of membranes fouled by MS 
Raw and pretreated waters (Figures 3.5b-3.5h) showed relatively high fluorescence intensities 
associated with microbial DOM (peak T) and relatively low fluorescence intensities associated 
with terrestrial DOM (peaks A and C). Similar analyses of the EEM contour plots (available 
electronically at https://www.dropbox.com/sh/hdsoplbtu8ohoye/AACpQWdzV2G1tN A0-
7XJJ_aBa?dl=0) of the Raw, pretreated, and backwash waters of the other seven water sources 
yielded the same qualitative observations. Thus, the EEM results indicate that for all source 
waters, microbial DOM (peak T) was a more important contributor to membrane fouling than 
terrestrial DOM (peaks A and C), relative to their respective concentrations in the feed waters. 
Further, this observation is valid regardless of the pretreatment process used before membrane 
filtration.  
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Figure 3.6. Representative contour plots of EEMs generated from the analyses of MS water 
pretreated with (a) MIEX, (b) PAC, (c) Al-Coag, (d) Fe-Coag, (e) NaOCl, and (f) Dilution 
processes.  
 
For a more quantitative analysis of the major DOM components of the foulant layers, I 
evaluated the A/T and C/T fluorescence ratios of membrane feed (Raw and pretreated waters), 
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permeate, and backwash waters in all membrane filtration tests (Figure 3.7). Since peaks A, C, 
and T represent terrestrial fulvic-like, terrestrial humic-like, and microbial protein-like DOM, 
respectively, the A/T ratio is an indicator of the terrestrial fulvic/microbial ratio and the C/T ratio 
is an indicator of the terrestrial humic/microbial ratio. Pairwise t-tests of the fluorescence ratios 
depicted in Figure 3.6 show that the DOM composition in the foulant layers was significantly 
different (p<0.0001) from that in corresponding feed waters. For example, the MS Raw water 
had an A/T ratio of 5.69, but the foulant layer of the membrane fouled by MS Raw water had a 
much lower A/T ratio of 0.69. Similarly, the MS Raw water had a C/T ratio of 1.73, but the 
foulant layer of the membrane fouled by MS Raw water had a lower C/T ratio of 0.27. The 
statistically significantly lower A/T and C/T ratios in the foulant layers than in corresponding 
feed waters confirmed that microbial DOM was a more important contributor to membrane 
fouling than terrestrial DOM, relative to their respective concentrations in the feed waters, 
regardless of water source or pretreatment process. This finding is consistent with previous 
studies showing that a hydrophilic PVDF membrane had low affinity to adsorb humic substances 
(Myat et al., 2014), and that the foulant layer was comprised predominantly of protein-like 
materials in filtration of secondary effluent (Fan et al. 2008; Nguyen et al., 2010) and natural 
surface water (Lee et al., 2006; Shao et al., 2014), as also shown in Chapter 2. Also, a 
comparison of the y-axes of Figures 3.7a and 3.7b shows that terrestrial fulvic-like material (peak 
A) was more prevalent in foulant layers compared to terrestrial humic-like material (peak C), 
which mirrored their relative abundance in feed and permeate waters.  
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Figure 3.7. (a) A/T ratio, and (b) C/T fluorescence ratios of feed, permeate, and backwash water 
samples obtained from 72 membrane filtration experiments. Experiment numbers 1-15 were 
performed with Raw waters as feed waters. Experiment numbers 16-37 (MIEX), 38-44 (PAC), 
45-50 (Al-Coag), 51-55 (Fe-Coag), 56-62 (NaOCl), and 63-72 (Dilution) were performed with 
pretreated waters as feed waters. 
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I was also interested in assessing whether it would be possible to evaluate the major 
DOM components in foulant layers from the analysis of only feed and permeate waters. Figure 
3.6 shows that the A/T and C/T ratios in permeate waters were very similar to their 
corresponding values in feed waters. A pairwise t-test showed that there was no significant 
difference between permeate and feed waters in terms of their A/T (p=0.592) and C/T (p=0.820) 
ratios, which indicates that the relative proportions of terrestrial and microbial DOM did not 
change as a result of membrane filtration. This finding can be explained by the low rejection of 
DOM by the UF membranes (average DOC rejection of 4.8%, see Figure C10 in Appendix C), 
which is consistent with the well-known low rejection of DOM by UF membranes as a result of 
the relatively large size of the membrane pores compared to the average molecular size of DOM 
(Cho et al., 1999; Fan et al., 2001). The low DOC rejection by the membrane, and the negligible 
difference between the DOM compositions of permeate and feed waters, indicate that the DOM 
fractions that comprised the foulant layers were only a small fraction of the DOM pool. 
Therefore, only direct analysis of the foulant layer (as performed above through the analyses of 
the backwash waters) enables identification of the foulant layer main components.  
3.3.6 Removal of microbial and terrestrial DOM by pretreatment processes and its qualitative 
correlation to reduction of membrane fouling potential  
Given that microbial DOM was found to be a more important contributor to membrane 
fouling than terrestrial DOM, relative to their respective concentrations in feed waters, I 
quantified the relative removal of microbial and terrestrial DOM by the various pretreatment 
processes. Figure 3.8 presents box-and-whisker plots of the reduction of fluorescence intensities 
of peaks A, C, and T by MIEX, PAC, Al-Coag, Fe-Coag, and NaOCl pretreatments and Dilution. 
Given that in Section 3.3.1 the SR and PL model waters were shown not to be representative of 
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the fouling potential of natural waters, Figure 3.8 and the corresponding statistical analysis 
below use only the data from surface waters (UL, PB, MS, WR) and secondary effluent (MF).  
 
 
Figure 3.8. Box-and-whisker plots for each pretreatment process (MIEX, PAC, Al-Coag, Fe-
Coag, NaOCl, and Dilution) displaying the statistical distribution of percentage reduction of the 
fluorescence intensity of terrestrial fulvic-like DOM (peak A), terrestrial humic-like DOM (peak 
C), and microbial DOM (peak T). The figures include the data for surface waters (UL, PB, MS, 
WR) and treated secondary effluent (MF). The bottom and top of the box represent the 25th and 
75th percentiles, respectively, and the band inside the box represents the median. The ends of the 
whiskers represent the minimum and maximum removal values obtained. The distinct data points 
correspond to outliers. 
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ANOVA analyses showed that for Dilution, the percentage reduction of the fluorescence 
intensities of the three peaks were not statistically significantly different from each other 
(p=0.465-0.861), as expected. ANOVA analyses also showed that PAC, Al-Coag, and Fe-Coag 
pretreatments did not significantly change DOM composition either (p=0.322-0.584). By 
contrast, Bonferroni correction analyses showed that MIEX had preferential reduction 
(p<0.0001) of terrestrial DOM (peak A and C) over microbial DOM (peak T), and NaOCl had 
preferential reduction (p<0.0001) of microbial DOM over terrestrial DOM. Therefore, MIEX and 
NaOCl changed DOM composition toward greater and lower, respectively, abundance of 
microbial DOM relative to terrestrial DOM. Also, while on average PAC did not significantly 
change fluorescent DOM composition, PAC was the most inconsistent process in its capability of 
reducing fluorescent terrestrial DOM from source waters. The PAC outliers on the low and high 
ends of reduction of fluorescence intensity of terrestrial DOM (Figure 3.8) are from the waters 
with the highest DOC concentration (PB, 14.0 mg-C/L) and lowest DOC concentration (MS, 2.3 
mg-C/L), respectively. This observation suggests that the DOC in feed waters may play a more 
important role for PAC, than for other pretreatment processes, in the removal of terrestrial DOM. 
Note that while for MIEX, Al-Coag, Fe-Coag, and NaOCl pretreatments and Dilution, the 
ranges of fluorescence intensity reduction (Figure 3.8) were similar to those of DOM removal 
(Figure 3.4 and Figure C9 in Appendix C), for PAC pretreatment the reduction of fluorescence 
intensity was significantly greater than DOM removal (p=0.000-0.0002). Therefore, while EEM 
spectroscopy may be an appropriate tool for evaluating the relative removal of microbial and 
terrestrial DOM by MIEX, Al-Coag, Fe-Coag, and NaOCl pretreatments and Dilution, this is not 
the case for PAC pretreatment because PAC preferentially removed fluorescent DOM over non-
fluorescent DOM. 
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To further the understanding of the factors determining fouling potential reduction by the 
various pretreatment processes, and keeping in mind that microbial DOM is a more important 
contributor to membrane fouling than terrestrial DOM (Figures 3.5-3.7), I analyzed the 
correlation between the fouling potential reduction achieved by each pretreatment process 
(Figure 3.3b) together with the corresponding changes in relative abundance of microbial and 
terrestrial DOM (Figure 3.8). In the analysis, I used Dilution as the baseline against which I 
compared the other pretreatment processes. Four important observations were made. First, Al-
Coag and Fe-Coag achieved similar fouling potential reduction to Dilution, consistent with the 
fact that none of the three processes significantly changed the relative abundance of microbial 
and terrestrial DOM in the treated waters. Second, MIEX achieved lower fouling potential 
reduction than Dilution, consistent with MIEX having preferentially removed terrestrial DOM 
over microbial DOM. Third, even though NaOCl reduced the fluorescence intensity of microbial 
DOM more than that of terrestrial DOM, the fouling potential reduction by NaOCl was lower 
than that by Dilution because NaOCl did not remove foulants (as indicated by the negligible 
DOC removal); NaOCl only changed the nature of the foulants by oxidizing the DOM. For 
example, NaOCl may have broken aromatic moieties in DOM molecules (Ha et al., 2004) and 
thus decreased the average DOM molecular size. Lastly, the relatively low reduction of fouling 
potential by PAC (the lowest together with that of NaOCl) could not be correlated to the relative 
removal of terrestrial and microbial DOM because of the large disparity between DOM removal 
and fluorescence intensity reduction by PAC, and the inconsistency in the efficacy of PAC in 
reducing terrestrial DOM from source waters. The relatively low reduction of fouling potential 
by PAC was consistent with previous reports indicating that PAC preferentially removed non-
fouling molecules over foulants (Kim et al. , 2008). Overall, the analyses above indicated that the 
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observed changes in the relative abundance of microbial and terrestrial DOM caused by the 
pretreatment processes was qualitatively correlated to the corresponding reductions in membrane 
fouling potential. 
3.3.7 Correlation between fouling potential reduction by pretreatment processes and 
fluorescence intensity of microbial DOM in feed waters 
Given that the sections above showed that microbial DOM was not only an important 
component of foulant layers, but also that its relative removal by pretreatment processes 
(compared to that of terrestrial DOM) was qualitatively correlated to fouling potential reduction, 
I evaluated whether there was a quantitative correlation between fouling potential reduction and 
fluorescence intensity of microbial DOM in feed waters (see Figures 3.9a-c). The analyses 
excluded the model SR and PL waters because of their inability to represent well the fouling 
potential of natural waters. Results showed that when the data from all pretreatment processes 
were analyzed as one single data set (Figures 3.9a), there was no significant correlation between 
reduction in fouling potential and fluorescence intensity of microbial DOM (R2=0.02, p=0.354). 
However, when the data for each pretreatment process was analyzed separately and the data for 
the secondary effluent was excluded (Figures 3.9b-c), reduction in fouling potential and 
fluorescence intensity of microbial DOM were strongly correlated for MIEX (R2=0.66 and 
p=0.014) and both alum and ferric chloride coagulation (R2=0.89 and p<0.0001) pretreatments 
through an inverse linear function. This observation suggests that for surface waters, the 
fluorescence intensity of microbial DOM can be used as a quantitative indicator of the ability of 
MIEX and Coagulation pretreatments to reduce membrane fouling. The fact that these 
correlations do not hold for the secondary effluent water (i.e., the only non-natural water other 
than the model waters) indicates that the properties of the microbial DOM in the secondary 
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effluent are different from the properties of the microbial DOM in surface waters.  
 
Figure 3.9 (a) Percent UMFI reduction by MIEX, PAC, Al-Coag, Fe-Coag, and NaOCl 
pretreatments and Dilution as a function of fluorescence intensity of microbial DOM (peak T) in 
feed water; the data includes those for surface waters (UL, PB, MS, WR) and treated secondary 
effluent (MF). (b) Percent UMFI reduction by MIEX as a function of fluorescence intensity of 
peak T in feed water, excluding data for MF water. (c) Percent UMFI reduction by Al-Coag and 
Fe-Coag as a function of fluorescence intensity of peak T in feed water, excluding data for MF 
water. (d) Percent UMFI reduction by MIEX, PAC, Al-Coag, Fe-Coag, and NaOCl 
pretreatments and Dilution as a function of percent reduction of fluorescence intensity of peak T 
in feed water; the data includes those for surface waters (UL, PB, MS, WR) and treated 
secondary effluent (MF). 
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I also investigated whether there was a correlation between fouling reduction and 
percentage reduction of microbial DOM in feed waters (Figure 3.9d). Results showed no 
significant correlation neither when all data was analyzed as one single data set, nor when the 
data for each pretreatment process was analyzed separately (R2=0.008-0.500, p=0.182-0.913). 
The fact that no correlation was observed indicates that different microbial DOM molecules do 
not contribute to fouling equally, and that the percentage removal of microbial DOM from the 
feed waters is not an adequate indicator of the efficacy of fouling potential reduction by any 
pretreatment. 
3.3.8 Correlation between fouling potential reduction by pretreatment processes and 
fluorescence intensity of microbial DOM in foulant layers 
Given that no broad encompassing correlation was found between fouling reduction by 
pretreatment processes and fluorescence intensity of microbial DOM (or its reduction) in feed 
waters, I investigated whether fouling potential reduction was correlated to reduction of DOM 
fluorescence intensity in foulant layers (Figure 3.10 and Figure C11 in Appendix C). The results 
in Figure 3.10 show that when data from all pretreatment processes were analyzed as one single 
data set, fouling potential reduction was weakly correlated to the reduction in fluorescence 
intensity of microbial DOM in foulant layers (R2=0.22 and p=0.009). While the p-value of less 
than 0.05 means that this correlation is significant at the 95% confidence level, the low R2 value 
of 0.22 means that this correlation cannot explain all data variation. However, I note from Figure 
3.10 that the NaOCl data points are outliers that do not follow the pattern of the other 
pretreatment processes. The outlier nature of the NaOCl data may be related to the fact that 
NaOCl pretreatment is the only chemical transformation (oxidative) process, while the other 
pretreatments are chemical separation process.  
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Accordingly, I repeated the statistical analysis excluding the NaOCl data and found a 
strong correlation (R2=0.67 and p<0.0001) between fouling potential reduction and the reduction 
in fluorescence intensity of microbial DOM in the foulant layers. This strong correlation is 
apparent in Figure 3.10. Similar analyses to that performed for microbial DOM (peak T) were 
performed for terrestrial fulvic-like DOM (peak A, see Figure C11a in Appendix C) and 
terrestrial humic-like DOM (peak C, see Figure C11b in Appendix C). No strong correlations 
were observed between fouling reduction and reduction of the fluorescence intensities of peak A 
(p=0.685) or peak C (p=0.350) in the foulant layers, even when excluding NaOCl data from the 
analyses. 
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Figure 3.10. Percent UMFI reduction by MIEX, PAC, Al-Coag, Fe-Coag, and NaOCl 
pretreatments and Dilution as a function of percent reduction of fluorescence intensity of 
microbial DOM (peak T) in foulant layers. The figure includes the data for surface waters (UL, 
PB, MS, WR) and treated secondary effluent (MF). The line fit shown in the figure corresponds 
to that excluding the NaOCl data from the analysis. The line fit including the NaOCl data yields 
R2=0.22 and p=0.009. 
  
%Fluorescence Intensity Lost at Peak T
0 20 40 60 80 100
%
U
M
FI
 R
ed
uc
tio
n
0
20
40
60
80
100 MIEX
PAC
Al-Coag
Fe-Coag
NaOCl
Dilution
R2=0.67
p=0.000
	 105 
3.4. Conclusions 
I investigated the efficacy of conventional pretreatment processes in reducing the UF 
membrane fouling potential of a group of water sources with a wide range of water qualities. The 
pretreatment processes studied were coagulation (alum and ferric chloride), anion exchange with 
MIEX resin, PAC adsorption, and pre-oxidation by chlorination, and I used dilution as a baseline 
for comparison. I also studied the relationship between the membrane fouling reduction by the 
pretreatment processes and their removal of DOM from feed waters and foulant layers. The 
results and discussion support the following main conclusions:  
• Each pretreatment process had a broad range of efficacy in reducing membrane fouling 
potential across water sources. 
• Overall, the pretreatment processes ranked in decreasing order of efficacy in reducing UF 
membrane fouling were: coagulation > MIEX = PAC = chlorination.  
• UF membrane fouling reduction by MIEX and coagulation was inversely correlated to 
the abundance of microbial DOM in feed water from surface water sources. 
• UF membrane fouling reduction was not strongly correlated to the removals of DOC, 
UVA254, terrestrial DOM, or microbial DOM from feed waters. 
• UF membrane fouling reduction in surface waters and treated secondary effluent was 
strongly correlated to the reduction of microbial DOM, but not of terrestrial DOM, in the 
foulant layers. 
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Thus, the results from this chapter confirm the finding from Chapter 2 that UF 
pretreatment processes aimed toward fouling reduction should target removal of microbial DOM 
from feed waters. Further studies are needed to identify the specific subset of microbial DOM 
that fouls the membranes, as well as to develop analytical techniques to monitor that subset of 
microbial DOM in feed waters, as to enable the prediction of membrane fouling reduction by 
pretreatment processes. 
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CHAPTER 4: EVALUATION OF ULTRAFILTRATION MEMBRANE FOULING 
POTENTIAL USING FLUORESCENCE EXCITATION-EMISSION MATRIX 
TOGETHER WITH PARAFAC MODELING 
4.1. Introduction 
The application of ultrafiltration (UF) membranes in drinking water treatment and water 
reuse has increased significantly during the past decade (Huang et al, 2009a; Jacangelo et al., 
1998). Compared to conventional media filtration, membrane filtration has the advantages of 
smaller footprint and ability to provide a more consistent permeate water quality (Arviv et al., 
2002; Cote et al., 2001). The most important constraint in the operation of a membrane filtration 
plant is membrane fouling (Amy, 2008; Huang et al., 2009) which is described as the loss of 
permeate flux with time due to adsorption and accumulation of soluble and particulate materials 
at the membrane surface or within the membrane pores (Cheryan, 1998).  
Many studies indicate that dissolved organic matter (DOM) is the foulant of greatest 
concern for UF membranes (Gao et al., 2011; Zularisam et al., 2006). DOM is commonly 
monitored in water treatment facilities through aggregate measurements that provide an average 
description of the DOM in water such as dissolved organic carbon (DOC) content, ultraviolet 
absorbance at 254 nm (UVA254), and specific ultraviolet absorbance (SUVA). However, a 
previous study ( Tian et al., 2013), and the results from Chapter 2, indicate that UF membrane 
fouling potential is not correlated with aggregate DOM properties of feed waters, and therefore 
that fouling potential of feed waters cannot be predicted from DOC, UVA254 or SUVA values. 
The lack of correlation between fouling potential and aggregate DOM properties is likely a result 
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of the heterogeneous and variable composition and chemistry of DOM in the aquatic 
environment (Mostofa et al., 2013), with different types of DOM contributing to fouling to a 
different extent (Amy, 2008; Zularisam et al., 2006). 
A technique that has proven successful in characterizing the relative abundance of 
different DOM fractions in water (Ishii & Boyer, 2012) and identifying DOM fractions important 
in membrane fouling (Fan et al., 2008; Lee at el., 2006), is fluorescence excitation-emission 
matrix (EEM) spectroscopy (Coble, 1996; Mobed et al., 1996). EEM spectroscopy is both 
qualitative and quantitative, and is able to provide information regarding the type, structure, and 
abundance of fluorophores (J. Chen et al., 2003; W. Chen et al., 2003). Fluorophores are a 
fraction of DOM that fluoresces when excited by UV and blue light (Stedmon & Bro, 2008; 
Stedmon et al., 2003) and are generally classified into two distinct groups: terrestrially derived 
(humic-like substances) and microbially derived (protein-like substances) (Leenheer and Croué, 
2003; McKnight et al., 2001; C. Stedmon et al, 2003). Microbially derived substances include 
biopolymer and protein fractions that have been associated with UF membrane fouling (Filloux 
et al., 2012; Henderson et al., 2011; Kimura et al., 2004). 
EEM data is typically analyzed using a “peak picking” method, which uses excitation-
emission wavelength pairs from contour plots of EEMs to identify fluorophores based on the 
location of the maximum fluorescence intensity (Coble 1996; Henderson et al., 2009). Changes 
in the relative abundance of DOM fractions can be quantified as changes in the emission 
intensities of the commonly occurring fluorophores in the three peak regions A, C, and T. Peak 
A (terrestrial fulvic-like substances), peak C (terrestrial humic-like substances), and peak T 
(tryptophan-like or microbial protein-like substances) are identified by their emission intensities 
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at excitation/emission pairs of 250/450, 350/450, and 275/340 (nm/nm), respectively (Coble, 
1996; Stedmon et al., 2003) (see Figure 1.2 for peak positions). 
A more recent method for the analysis of EEM data is parallel factor analysis 
(PARAFAC), which is a multi-way data analysis technique that is widely applied in the study of 
DOM fluorescence (Ishii & Boyer, 2012; Murphy et al., 2013; C. Stedmon et al., 2003). 
PARAFAC decomposes the fluorescence signal into individual underlying components, which 
provides a considerable advantage over the traditional “peak picking” method in interpreting 
EEM data (Cory & Kaplan, 2012; Stedmon & Markager, 2005). Fluorescence signal 
decomposition and model fitting are accomplished through an alternating least squares algorithm 
(Stedmon & Bro, 2008). The larger the data set of EEMs used to perform the PARAFAC 
analyses, the more robust the statistical analysis is. Also, a larger EEM data set enables the 
determination of fluorescence characteristics over a wider range of water sources. 
EEM spectroscopy, with or without PARAFAC, has been used as a way to track DOM in 
both drinking water and wastewater treatment plants (Baghoth et al., 2011; Murphy et al., 2011). 
EEM analyses in previous studies (Lee et al., 2006) and Chapters 2 and 3 revealed that microbial 
DOM is a more important contributor to UF membrane fouling than terrestrial DOM in surface 
water, and that protein-like substances were the major cause of low-pressure membrane fouling 
in secondary effluent (Fan et al., 2008; Henderson et al., 2011) and isolate DOM fractions from 
surface water (Lee et al., 2006). In Chapter 3, EEM analyses also indicated that microbial DOM 
was a more important contributor to UF membrane fouling than terrestrial DOM, relative to their 
respective concentrations in feed water, for a broad range of waters regardless of the 
pretreatment process used before membrane filtration. Yu et al. (2014) reported that microbially 
derived (tryptophan-like) substances identified through PARAFAC modeling were the major UF 
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membrane foulants during filtration of model organic matter extracted from algae cultivation. 
PARAFAC analysis of EEM data obtained for one river water source also indicated that protein-
like DOM was highly correlated with irreversible fouling (Shao et al., 2014). Thus, EEM 
analysis has indicated that microbial protein-like DOM is an important contributor to membrane 
fouling, which is consistent with results from size exclusion chromatography reporting that 
aminosugar and protein-like substances play an important role in the fouling of UF membranes 
(Jarusutthirak et al.,, 2002; Lee et al., 2006, 2004). 
While existing studies in the literature indicate that microbial protein-like DOM is a 
major membrane foulant, not many studies have investigated quantitatively the correlation 
between the UF membrane fouling potential of feed waters and the microbial DOM in them. The 
ability of EEM to monitor the relative abundance of protein-like DOM in solution, and the ability 
of PARAFAC to decompose the fluorescent signal of protein-like DOM into individual 
underlying components, suggests the potential use of EEM coupled with PARAFAC as a tool to 
assess the membrane fouling potential of feed waters. Accordingly, this study aims to evaluate 
whether EEM spectroscopy coupled with PARAFAC analysis can be used as a qualitative or 
(semi)quantitative predictor of fouling potential of feed waters. To accomplish this objective, I 
studied the UF membrane fouling potential of eight diverse water sources before and after 
pretreatment by a variety of pretreatment processes. All untreated and pretreated waters were 
characterized using EEM spectroscopy, and all EEM data was used to conduct PARAFAC 
modeling. I interpret PARAFAC results and correlate the fluorescent DOM components with the 
UF membrane fouling potential results. The majority of the data used for analysis in this chapter 
was also used in Chapter 3. 
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4.2. Materials and Methods 
4.2.1 Water sources 
I used a total of eight water sources including four natural waters, one groundwater, one 
secondary treated effluent, and two synthetic model waters spanning broad ranges of DOC (2.3-
14.0 mg/L), UVA254 (0.042-0.239 cm-1), and SUVA (1.7-4.7 L/mg.m) levels. As indicated in 
Chapter 4, natural water samples were collected from the intakes of drinking water treatment 
plants using, as source waters, University Lake (UL) and Cane Creek (CC) reservoirs in 
Carrboro, North Carolina, Tennessee River in Muscle Shoals (MS), Alabama, and Clear Lake in 
West Palm Beach (PB), Florida. Castle Hayne (CH) groundwater, which was not used in Chapter 
3, was collected from the intake to a drinking water treatment plant in Wilmington, North 
Carolina. Secondary treated wastewater effluent was obtained from the discharge stream of 
Mason Farm (MF) wastewater treatment plant, Chapel Hill, North Carolina. Mason Farm 
wastewater treatment processes include activated sludge system, sand filters, and ultraviolet 
disinfection. Synthetic model waters were prepared from Suwannee River humic acid standard II 
(SR) and Pony Lake fulvic acid reference (PL) from the International Humic Substances Society 
(IHSS) using the procedure described by Cory et al., 2010. The SR isolate is humic acid 
generated from decomposing vegetation (Averett et al., 1994), while the PL isolate is fulvic acid 
from microbial activities (Brown et al., 2004). 
All water samples were either collected directly from nearby water treatment plants or 
transported to the laboratories via overnight shipping refrigerated with cold-packs. Immediately 
upon receipt, all water samples were filtered with Whatman (Piscataway, NJ) GF/C 1.2-µm glass 
fiber filters to remove suspended solids, stored at 4oC in the dark, and allowed to reach room 
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temperature (20±2 °C) prior to each experiment. The water quality parameters of interest for the 
eight “Raw” waters are presented in Table 4.1. “Raw” refers to the state of the waters after 1.2-
µm filtration as described above. 
Table 4.1. Raw water quality. 
Sample Name Source pH UVA254 
(cm-1) 
DOC 
(mg/L) 
SUVA 
(L/mg.m) 
Suwanee River (SR) 
(Okefenokee Swamp, 
GA) 
IHSS standard of 
terrestrial derived 
humic acid 
6.8 0.214 4.5 4.7 
Pony Lake (PL), 
(Antarctica) 
IHSS standard of 
microbial derived 
fulvic acid 
7.0 0.143 7.2 2.0 
University Lake (UL), 
Carrboro, NC  
Surface water 6.9 0.146 5.6 2.7 
Palm Beach (PB), 
West Palm Beach, FL 
Surface water 7.0 0.239 14 1.7 
Muscle Shoals (MS), 
Muscle Shoals, AL 
Surface water 7.5 0.042 2.3 1.9 
White River (WR), 
Indianapolis, IN  
Surface water 7.6 0.077 3.8 2.0 
Mason Farm (MF), 
Chapel Hill, NC 
Secondary treated 
effluent 
7.1 0.099 5.4 1.9 
Castle Hayne (CH), 
Wilmington, NC 
Groundwater 7.1 0.118 6.3 1.9 
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4.2.2 Pretreatments 
Raw and pretreated waters were used as feed waters in membrane fouling tests. 
Pretreatment was performed using different processes not only to remove DOM from Raw water, 
but to change the relative composition and characteristics of DOM in the waters, as to obtain a 
greater variety of feed waters for membrane fouling tests. The pretreatments used in this study 
included ion exchange by a magnetic ion exchange (MIEX) resin (Ixom Watercare Inc.), alum 
coagulation (Al2(SO4)3·(14-16)H2O, Fisher Chemical Co., Fair Lawn, NJ, USA), ferric chloride 
coagulation (FeCl3, Fisher Chemical Co.), PAC adsorption (DARCO® 100 mesh particle size, 
Sigma Aldrich, St. Louis, MO, USA), and chlorination with sodium hypochlorite (NaOCl, Fisher 
Chemical Co.). Dilution with deionized lab grade water was also used as a reference for 
comparison with the pretreatment processes as Dilution is an ideal process that reduces the 
amount of DOM but does not change its relative composition. Detailed experimental procedures 
for all pretreatment experiments are available in Chapter 3. 
Prior to membrane fouling tests, water treated with MIEX, alum/FeCl3 coagulation, and 
PAC was decanted and filtered through a 1.2-µm glass fiber filter to remove any remaining 
MIEX beads, carry over flocs, and PAC particles. Thus, in this study, fouling occurred only from 
dissolved (<1.2 µm in size) fractions of organic matter and colloidal particles. For each 
combination of source water and pretreatment processes, experiments were performed in 
triplicate, and the combined water samples from triplicate tests were used as feed water to the 
membrane filtration system. The data from alum and ferric chloride coagulation experiments 
using PL water were excluded from this study due to the lack of floc formation under the 
experimental conditions.  
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4.2.3 Bench-scale membrane fouling tests 
I investigated the fouling potential of eight Raw waters (Raw), and waters pretreated with 
MIEX, PAC, alum coagulation (Al-Coag), ferric chloride coagulation (Fe-Coag), NaOCl pre-
chlorination (NaOCl), and Dilution. Fouling tests were performed using the lab-scale, PVDF 
hollow-fiber UF membrane system described in Section 3.2.8. The filtration system is depicted 
in Figure 4.1. 
 
 
Figure 4.1. UF membrane filtration system used for fouling experiments. 
4.2.4 Quantification of membrane fouling potential  
Membrane fouling potential was quantified using the unified membrane fouling index 
(UMFI, m2/m3) (Huang et al., 2008, 2009) as described in Section 2.2.3. The UMFI can be 
calculated by fitting experimental water permeation data to  
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,          (4.1) 
where J0 (m/s) and Jt (m/s) are water fluxes at time zero and time t, respectively, and Vs (m3/m2) 
is the unit permeate water throughput defined as the permeate water volume divided by the 
membrane surface area. Greater UMFI values indicate faster flux decline (Huang et al., 2009b), 
and therefore greater fouling. The UMFI values calculated in this study are descriptive total 
fouling (i.e., both reversible and irreversible fouling). 
4.2.5 DOC and UVA254 absorption characterization 
Water samples before and after pretreatment, membrane permeate, membrane 
concentrate, and membrane backwash water (representing the foulant layer) were analyzed for 
DOC and UVA254. DOC was determined using a TOC-V organic carbon analyzer (Shimadzu, 
Atlanta, GA). UVA254 was measured using a U-2000 spectrophotometer (Hitachi Instruments 
Inc., Danbury, CT) and a 1-cm quartz cell. SUVA values were calculated as 
SUVA=100(UVA254/DOC). 
4.2.6 EEM and PARAFAC analyses 
Fluorescence was measured using a Fluorolog-321 spectro-fluorometer (Horiba 
JobinYvon, Edison, NJ, USA) and a 1-cm quartz cell. EEMs were acquired over the range of 
excitation wavelengths of 240-450 nm in 5-nm intervals, and emission wavelengths of 320-550 
nm in 1-nm intervals. Blank EEMs of DI water were also collected daily. Each type of water 
tested was measured at least in duplicate. Additional details of EEM analysis are provided in 
Sections 2.2.4 and 3.2.10. 
S
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The membrane filtration experiments described above resulted in 768 EEMs. Among 
these, 16 outlier EEMs were identified through visual inspection and their scores in the leverage 
plot (Stedmon & Bro, 2008) and were removed prior to further analysis. The leverage plot shows 
a number between zero and one for each EEM that expresses its deviation from the average data 
distribution (Murphy et al., 2013). A EEM was considered an outlier if it either contained 
measurement errors or was very different from others (high leverage score) in such a way that it 
was unrepresentative of the rest of the data set. The excitation and emission loading of all EEM 
samples as well as the plot of their leverage scores are showed in Figures D1 and D2 in 
Appendix D. The sample set of 752 EEMs after removing outliers consisted of 127 feed, 357 
permeate (collected at 1, 3, and 5 hours of filtration), 117 concentrate, and 151 backwash 
samples. Due to the differences in DOC concentration and composition of membrane backwash 
water, compared to feed, permeate and concentrate waters, the EEMs of backwash water samples 
were modeled separately. If the backwash water samples were modeled together with the dataset 
of feed, permeate and concentrate waters, they would be treated as outliers due to the differences 
in their DOM composition. All EEM contour plots are available electronically at 
https://www.dropbox.com/sh/hdsoplbtu8ohoye/AACpQWdzV2G1tNA0-7XJJ_aBa?dl=0. 
PARAFAC models three-way EEM data using Equation 4.2, fitting the equation by 
minimizing the sum of squares of the residuals (εijk) (Stedmon & Bro, 2008; Stedmon et al., 
2003) as 
 ,      (4.2) 
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for i =1, …, I; j = 1, …, J; k = 1, …, K, and n = 1,…, N. When applying the model to EEMs, xijk 
is the fluorescence intensity of sample i measured at emission wavelength j and excitation 
wavelength k. The outcome of the model is the parameters a, b and c, which represent 
concentration (defined as scores), emission spectra, and excitation spectra of the underlying 
fluorophores, respectively. N is the number of fluorophores (components) in the model and a 
residual matrix εijk represents the unexplained variation in the model (Stedmon et al., 2003). Two 
PARAFAC models were developed using (Matlab v8.6.0.267246 R2015b (MathWorks, Natick, 
MA, USA) and the DOMFluor toolbox following the tutorial by Stedmon and Bro (2008). The 
first model (Model No. 1) was developed from 601 EEMs of feed, permeate, and concentrate 
samples combined, and the second model (Model No. 2) was developed from 151 EEMs of 
backwash samples. For all EEMs, data from excitation wavelengths lower than 250 nm were 
excluded to minimize scattering in the lower excitation wavelength region. For backwash 
samples (Model No. 2), the data from excitation wavelengths higher than 300 nm were also 
excluded due to high scattering near the Raman area. Every EEM in Model No. 2 was visually 
inspected to ensure that the excitation range of 250-300 nm was adequate to model all the 
components present in these EEMs. The proper number of components for each model was 
validated by four-way split-half analysis, examination of residual EEMs (difference between 
model and measured excitation/ emission spectra) and random initialization (Stedmon and Bro, 
2008). The fluorescence intensities of components from the model outputs were reported as the 
sample-specific maximum fluorescence (Fmax). The Fmax value of a component represents the 
relative concentration of that PARAFAC component in Raman units (Murphy et al., 2013; 
Stedmon et al., 2003). Statistical analyses, e.g. ANOVA, Bonferroni correction, and hypothesis t-
test, were done using Stata IC 13.1 (StataCorp LP, College Station, TX, USA). 
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4.2.7 Calculation of rejection of fluorescent DOM components by the membrane 
I calculated the membrane rejection of fluorescent components identified in the feed 
water through PARAFAC modeling. The average rejection of any given fluorescent component 
during a fouling test was calculated as the average percentage decrease of its corresponding Fmax 
in the permeate compared to the average Fmax in the feed during the 5 hours duration of the test, 
as defined by the expression 
    (4.3), 
where Fmax,Feed and Fmax,Conc are the Fmax of each component in the feed and concentrate after 5 
hour of filtration, respectively. Fmax,P1, Fmax,P3, and Fmax,P5 are the Fmax of each component in the 
permeate collected at time 1, 3, and 5 hour of filtration, respectively. 
4.3. Results 
4.3.1 Correlation between membrane fouling potential and UVA254, DOC and SUVA in feed 
waters 
The flux decline curves for SR, PL, UL, PB, MS, WR, and MF waters are shown in 
Figures C2-C8 in Appendix C, and the flux decline curve for CH water is shown in Figure D3 in 
Appendix D. The linear fittings to Equation 4.1 to estimate corresponding UMFI values are 
presented in the same figures. Figure 4.2 presents scatterplots depicting the relationship between 
UF membrane fouling potential and UVA254, DOC and SUVA in feed waters. Linear regression 
analyses showed that fouling potential was only weakly correlated with DOC (p=0.010, 
Avg Rejection = (Fmax,Feed + Fmax,Conc)/ 2 - (Fmax,P1 + Fmax,P3 + Fmax,P 5)/3 * 100
       (Fmax,Feed + Fmax,Conc )/2 
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R2=0.104) and was not correlated with either UVA254 (p=0.112) or SUVA (p=0.258), thus 
confirming the findings from a previous study (Tian et al., 2013) and Chapter 2 that it is not 
possible to predict fouling potential quantitatively based on these aggregate water quality 
parameters. Given that DOC is an aggregate measurement of organic matter content in solution 
(APHA, 1998), and higher SUVA values (i.e., higher UVA254 values for a given DOC) indicate 
higher aromaticity (humic-content) of the organic matter in solution (Archer & Singer, 2006; 
White et al., 1997). The lack of correlation between UMFI and DOC, UVA254 or SUVA suggests 
that overall DOM concentration and humic fractions of DOM have a relatively weak role in 
determining the extent of UF membrane fouling, which is consistent with the findings from 
Chapter 2 and 3. 
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Figure 4.2. Matrix of scatterplots between UMFI (m2/m3) and water quality parameters of all 
eight water sources and seven pretreatment processes. Water quality parameters include UVA254 
(cm-1), DOC (mg/L), SUVA (L/mg.m), and Fmax of fluorescence components C1-C5 (RU). Fmax 
values were identified from PARAFAC Model No. 1 using EEM data from feed, permeate, and 
concentrate water samples from 64 membrane filtration experiments.  
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4.3.2 Fluorescent components in feed waters and foulant layers as determined by PARAFAC 
analyses 
PARAFAC Model No. 1 indicated the presence of five primary fluorescent DOM 
components (C1-C5) in feed, permeate, and concentrate water samples, while PARAFAC Model 
No. 2 indicated only two components (C6 and C7) in backwash water samples. This indicates 
that only two out of the five components present in feed waters were significant contributors to 
UF membrane fouling. Table 4.2 shows the excitation and emission wavelength pairs of the main 
peaks identified for each of the components, as well as descriptions of similar components that 
have been reported in previous studies.  
Similar PARAFAC components have been previously identified in the literature, and the 
spectra of each component was interpreted based on the existing literature and entries in the 
OpenFluor database (Murphy et al., 2014). Other components identified in previous studies listed 
in Table 4.2 were similar to components C1-C7 with the minimum spectral similarity score 
(Tucker congruence, θ (Lorenzo-Seva & ten Berge, 2006)) exceeding 0.95 on the excitation and 
emission spectra simultaneously (θ = θex x θem ≥ 0.95). Comparisons between the spectra of 
components C1-C7 and the corresponding matching components reported in the literature (listed 
in Table 4.2) are shown in Figure D4 in Appendix D. As observed in Table 4.2, components C1, 
C2, C4, and C6 are comparable to terrestrial humic-like components identified in previous 
studies (Coble, 1996; Shutova, Baker, Bridgeman, & Henderson, 2014), C3 can be described as a 
microbial humic-like DOM component (Stedmon et al., 2003), and C5 and C7 have been 
previously ascribed to microbial protein-like fluorophores (Coble, 1996; Murphy et al., 2011).  
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Table 4.2. Fluorescence characteristics of five components (C1-C5) identified from PARAFAC 
Model No. 1 (feed, permeate, and concentrate) and two components (C6-C7) identified from 
PARAFAC Model No. 2 (backwash samples). Wavelength of primary (and secondary) excitation 
(Ex) and emission (Em) maxima, compared with that of previously identified components. 
Component Ex/Em 
(nm/nm) 
Description and probable 
source 
Previously identified components 
C1 250/424 Humic-like; terrestrial 
derived 
Peak A, 260/ 380–460a 
C1, <240/ 436b 
C3, <290/ 340-500c 
C2, 250/ 420d 
C2 250(355)/460 Ubiquitous humic-like; 
terrestrial derived 
Peak C, 350/ 420–480a 
C1, <290(330-400)/ 400-500c 
C1, 250/ 452d 
C2, <250(360)/434e 
C3 250(320)/408 Marine and terrestrial 
humic materials, 
microbial humic-like; 
possible microbial 
reprocessing 
Peak M, 312/ 380–420a 
C4, 250(325)/ 416b 
C3, 250(310)/ 400d 
C1, <250(320)/ 414e 
C2<260(280-340)/ 340-460c 
C4 250(270)/508 Fulvic acid-like; 
terrestrial derived, 
autochthonous,  
C1, <290(330-400)/ 400-500c 
C1, 390/ 472f 
C2, 250 (400)/ 512g 
C5 250(280)/352 Protein-like; Tryptophan-
like; microbial derived, 
amino acids 
Peak T, 275/340a 
C5, < 240(280)/ 368b 
C4, <250(280)/ 357e 
C4, 240 (280)/ 350g 
C4, 278/ 348h 
C6 250/450 humic-like; terrestrial 
derived 
Peak A, 260/ 380–460a 
C1, <240/ 436b 
C3, <290/ 340-500c 
C2, 250/ 420d 
C7 280/332 Protein-like; microbial 
derived, amino acids 
Peak T, 275/340a 
Peak B, 275/ 305a 
C4, <250 (260-300)/ 320-360 (280-
300)c 
C5, 270/ 332d 
C5, 290/ 352f 
C4, 240 (280)/ <350g 
a(Coble, 1996), b(Stedmon et al., 2003), c(Shutova et al.,2014), d(Kowalczuk et al., 2009), e(Lyon 
et al.,2014), f(Murphy et al., 2011), g(Cawley et al., 2012), h(Stedmon et al., 2011). 
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Figures 4.3 and 4.4 show contour EEM plots of each of the five components identified 
from PARAFAC Model No. 1 and the two components identified from PARAFAC Model No. 2, 
respectively. Line plots in the right panel of each EEM contour plot show four-way split-half 
analyses. The line plots show a high degree of overlap between the excitation and emission 
spectra from individual four halves of the data set and those from the whole data set, which 
validates PARAFAC analyses results. Standard deviations of Fmax values from replicate EEMs 
were always less than 8% (See Table D1 and D2 in Appendix D), indicating measurement and 
model precision.  
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Figure 4.3. Fluorescence signatures of the five PARAFAC components identified from Model 
No. 1 (feed, permeate, and concentrate samples). Components C1–C5 are ordered by decreasing 
percent of explained variation. The EEM contour plots of components C1–C5 are plotted with 
excitation wavelength on the x-axis, emission on the y-axis, and contour lines and colors 
representing the relative intensity of emission. The corresponding line plots to the right of each 
EEM contour plot present excitation (left, green) and emission (right, orange) spectra from split-
half validation results of the four random halves (dashed lines) and the complete data set (solid 
line). The dashed lines and solid lines have high degree of overlap, thus indicating five 
components are the proper number of components for this EEM data set. The x-axis in the line 
plots corresponds to excitation/emission wavelength, with relative intensity on the y-axis.  
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Figure 4.4. Fluorescence signatures of the two PARAFAC components identified from Model 
No. 2 (backwash samples only). Components C6–C7 are ordered by decreasing percent of 
explained variation. The EEM contour plots of components C6–C7 are plotted with excitation 
wavelength on the x-axis, emission on the y-axis, and contour lines and colors representing the 
relative intensity of emission. The corresponding line plots to the right of each EEM contour plot 
present excitation (left, green) and emission (right, orange) spectra from split-half validation 
results of the four random halves (dashed lines) and the complete data set (solid line). The 
dashed lines and solid lines have high degree of overlap, thus indicating two components are the 
proper number of components for this EEM data set. The x-axis in the line plots corresponds to 
excitation/emission wavelength, with relative intensity on the y-axis. 
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A comparison of the results from PARAFAC Model No.1 with the fluorescence intensity 
of peaks A, C and T from the ‘peak-picking’ technique used in Chapters 2 and 3 shows that 
component C1 (ex 250/em 424) was significantly correlated (p<0.0001, R2=0.85, Figure 4.5a) to 
the fluorescence intensity of peak A (ex 250/ em 450). Component C2 (ex 250(355)/em 460) was 
significantly correlated (p<0.0001, R2=0.96, Figure 5.5b) to the fluorescence intensity of peak C 
(ex 350/em 450), and component C5 (ex 250(280)/em 352) was significantly correlated 
(p<0.0001, R2=0.97, Figure 4.5c) to the fluorescence intensity of peak T in the feed water (ex 
275/ em 340). The lower R2 value in the case of the correlation between component C1 and peak 
A (R2=0.85), compared to the correlations between component C2 and peak C (R2=0.96) or 
component C5 and peak T (R2=0.96), is explained by the fact that the PARAFAC model 
resolved the other two humic materials (components C3 and C4) which had overlapping spectra 
in the region of component C1. Consistent with this observation, the average Fmax of component 
C1 identified in PARAFAC Model No. 1 (0.576 RU) was significantly lower (p<0.0001) than 
the average fluorescence intensity of peak A from the peak-picking technique (1.332 RU). For 
the protein-like component, there is no significant difference (p=0.129) between the Fmax of 
component C5 (0.167 RU) and the average fluorescence intensity of peak T (0.165 RU). These 
results suggest that when there are several humic-like components but only one protein-like 
component samples analyzed, using the peak-picking technique may provide precise information 
regarding the abundance of the protein-like component but less precise for the humic-like 
components. 
A similar comparison of the two components (C6 and C7) identified in the backwash 
waters with PARAFAC Model No. 2 and the fluorescence intensities of peaks A and T in 
backwash waters (Figures 4.6a and 4.6b) shows that the Fmax of component C6 was strongly 
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correlated (p<0.0001, R2=0.99) to peak A and the Fmax of component C7 was strongly correlated 
(p<0.0001, R2=0.98) to peak T. Statistical analyses showed that there was no significant 
difference (p=0.498) between the average Fmax of component C6 (0.243 RU) and the average 
fluorescence intensity of peak A (0.242 RU) in the backwash waters. Conversely, the average 
Fmax of component C7 (0.249 RU) was significantly higher (p<0.0001) than the average 
fluorescence intensity of peak T (0.217 RU). The higher intensity of component C7 compared to 
peak T may be explained by an observation that the Rayleigh scattering, which occurs in the 
region near peak T, was a lot more intense in the backwash samples, and peak-picking technique 
could not resolve the effect of scattering, while PARAFAC did. Overall, the results suggest that 
when there is only one humic-like component and one protein-like component in the samples 
analyzed, using the peak-picking technique may be an adequate approach to analyze EEM data. 
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Figure 4.5. Comparison of the fluorescence signature in feed water using the results from 
PARAFAC Model No. 1 and the results from the peak-picking technique used in Chapters 2 and 
3. (a) Fmax of component C1 as a function of the fluorescence intensity of peak A, (b) Fmax of 
component C2 as a function of the fluorescence intensity of peak C, and (c) Fmax of component 
C5 as a function of the fluorescence intensity of peak T. 
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Figure 4.6. Comparison of the fluorescence signature in backwash water using the results from 
PARAFAC Model No. 2 and the results from the peak-picking technique used in Chapter 4. (a) 
Fmax of component C6 as a function of the fluorescence intensity of peak A and (b) Fmax of 
component C7 as a function of the fluorescence intensity of peak T. 
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A comparison was also made between the results of PARAFAC Model No. 1 and Model 
No. 2. As observed in Table 4.2, component C1 in the feed water (Model No. 1) has significantly 
similar (Tucker congruence, θ =0.978) fluorescence excitation-emission maxima to component 
C6 in the foulant layers (Model No. 2), and can be described as terrestrial humic-like DOM that 
is present in drinking water, forest streams, and a wide variety of marine and fresh water sources 
(Coble, 1996; Stedmon et al., 2003). Component C5 in the feed water also has significantly 
similar (θ =0.960) fluorescence excitation-emission maxima to component C7 in the foulant 
layers, and can be described as microbial protein-like DOM. More specifically, component C5 is 
a tryptophan-like fluorophore commonly associated with microbial activity in surface waters and 
commonly correlated with wastewater and recycled water sources (Coble, 1996; Hambly et al., 
2015; Stedmon et al., 2003). Therefore, components C6 and C7 in the foulant layers are 
equivalent to components C1 and C5 in feed waters, respectively. 
Even though, as mentioned above, there was a likely correspondence between 
components C6 and C7 in the foulant layers and components C1 and C5 in feed waters, I 
observed differences between the coordinates of emission maxima for the components in the 
foulant layers and their corresponding components in feed waters. More specifically, 
components C1 and C6 had the same excitation maxima (250 nm) but different emission maxima 
(424 nm for C1, and 450 for C6). Similarly, components C5 and C7 also had the same excitation 
maxima (280 nm) but different emission maxima (352 nm for C5, and 332 for C7). Changes in 
emission maxima could be due to the differences in sample matrix, pH, ionic strength, difference 
in molecular size of DOM (Coble, 1996), or absence of other components in backwash samples, 
and do not necessarily indicate lack of equivalence between components C1 and C6, and 
components C5 and C7.  
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Given that there was a correspondence between components C6 and C7 in foulant layers 
and components C1 and C5 in feed waters, respectively, I evaluated the relative abundance of 
components C1 and C5 in feed waters. Figure 4.7a shows the average Fmax of fluorescent 
components C1-C5 in the eight Raw water samples investigated. The results show that for all 
waters except the treated secondary effluent (MF), Fmax was higher for the terrestrial humic-like 
component C1 than for the microbial protein-like component C5. Further, the Fmax of the protein-
like component C5 was almost always lower than that of any other component, except in MF 
water. The higher Fmax of C1 compared to that of C5, and the generally lower Fmax of C5 
compared to those of all other components, indicate a greater abundance of humic-like materials 
over protein-like materials in model water, surface water, and groundwater sources. 
Figure 4.7b shows the Fmax of C6 (humic-like) and C7 (protein-like) determined from 
PARAFAC Model No. 2 in the foulant layers of membrane fouled by these eight Raw water. An 
important observation from Figure 4.7b is that the Fmax of C7 in the foulant layers was 
significantly higher than that of C6 in SR, UL, MS, WR and MF waters. The protein/humic ratio 
was calculated as C5/C1 for the feed water and as C7/C6 for the foulant layers. Compared to 
their corresponding Raw water, the protein/humic ratio in the foulant layers increased in seven 
out of eight water tested. The increase protein/humic ratio was 1.02, 1.62, 0.62, 1.23, 1.34, 0.86 
and 0.38 unit for SR, UL, PB, MS, WR, MF and CH water, respectively. PL water was the only 
water sample that protein/humic ratio in the foulant layers decreased for 0.34 unit. As C1 was 
more abundant than C5 in feed water, but C7 was more abundant than C6 in foulant layers, thus, 
I concluded that protein-like DOM fouled preferentially over humic-like DOM, relative to their 
respective abundance in the feed water, confirming the results from Chapters 2 and 3. 
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Figure 4.7. (a) Average Fmax of fluorescent components C1-C5 (determined from PARAFAC 
Model No. 1) in the eight Raw water samples tested, and (b) Fmax of components C6 and C7 
determined from PARAFAC Model No. 2 in the foulant layers of membrane fouled by these 
eight Raw water samples. Details about components C1-C7 can be found in Table 4.2. Error bars 
correspond to the standard deviation of results obtained from duplicate or triplicate samples. 
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4.3.3 Correlation between fouling potential and fluorescent PARAFAC components in the 
foulant layers  
Previous studies (e.g., Carroll et al., 2000) have reported that not all types of DOM 
contribute equally to fouling, and therefore I investigated the importance of the two fluorescent 
components identified in foulant layers (C6, C7). I evaluated whether there was a quantitative 
correlation between membrane fouling potential and either C6 (terrestrial humic-like DOM) or 
C7 (microbial protein-like DOM) by conducting linear regression analysis of UMFI values as a 
function of the corresponding Fmax values for C6 and C7. The results in Figure 4.8a show that 
UMFI was not significantly correlated (p=0.139, R2=0.04) with the Fmax of the humic-like 
component C6 in the foulant layers, but was significantly correlated (Figure 4.8b, p<0.0001, 
R2=0.61) with the Fmax of the protein-like component C7. Given that protein-like DOM content 
(but not humic-like DOM content) was strongly correlated to fouling potential, then the results 
confirm previous reports in the literature and the finding from Chapters 2 and 3 indicating that 
protein-like DOM is a more important foulant than humic-like DOM (Fan et al., 2008; 
Henderson et al., 2011; Lee et al., 2006; Shao et al., 2014; Yu et al., 2014).  
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Figure 4.8. UMFI (m2/m3) as a function of the Fmax values of (a) terrestrial humic-like DOM 
(component C6) in foulant layers, and (b) microbial protein-like DOM (component C7) in 
foulant layers. The data includes all the filtration experiments using eight water sources with 
seven pretreatment processes. 
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Since a strong correlation was found between fouling and microbial protein-like DOM in 
foulant layers (component C7), I evaluated whether protein-like DOM in feed waters 
(component C5) was preferentially rejected by the membrane.	 Figure 4.9 shows the average 
rejection of components C1-C5 by the UF membrane. Bonferroni comparisons show that the 
average rejection of component C5 (15.1%) was statistically greater (p=0.000-0.003) than the 
average rejection of components C1 (-0.46%), C2 (6.18%), C3 (5.01%), and C4 (3.46%). No 
significant difference was found among the average rejections of components C1, C2, C3, and 
C4 (p≥0.05). Therefore, the results indicate that the membrane preferentially rejected protein-like 
DOM (C5). Given that component C5 in feed waters corresponds to component C7 in the foulant 
layer, the finding that component C5 was preferentially removed by the membranes was 
consistent with the finding above that component C7 preferentially presented in the foulant 
layers over C6 (humic-like DOM).  
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Figure 4.9. Average rejection of fluorescent components C1-C5 by a PVDF UF membrane. 
Details about components C1-C5 can be found in Table 4.2. The bottom and top of the box 
represent the 25th and 75th percentiles, respectively, and the band inside the box represents the 
median. The ends of the whiskers represent the minimum and maximum rejection values 
obtained, respectively. 
4.3.4. Correlation between fouling potential and fluorescent PARAFAC components in the 
feed waters  
Given that component C7 in the foulant layers corresponds to component C5 in feed 
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C5 could potentially be used to assess the membrane fouling potential of feed waters. 
Accordingly, the correlation between fouling potential and the Fmax of component C5 in the feed 
water was used to investigate whether the fluorescence signature of DOM in membrane feed 
water can be used to quantitatively predict its fouling potential. Scatter plots of UMFI as a 
function of the Fmax of components C1 through C5 are presented in Figure 4.2. Linear regression 
analysis results indicate that while the UMFI was strongly correlated with the Fmax of component 
C5 (p=0.001), the Fmax of component C5 could not sufficiently explain the UMFI data scatter 
from the linear trend (R2=0.18). The linear regression analyses result also showed that, as 
expected, the UMFI was not significantly correlated with the Fmax of components C1-C4 
(p=0.524-0.706). Thus, microbial protein-like DOM (component C5) was the only fluorescent 
component in feed water that significantly correlated with fouling potential.  
To further investigate the correlation between UMFI and component C5, I disaggregated 
the data by pre-treatment process (see Figures 4.10 and 4.11). Also, given that Chapter 3 
indicated that the SR and PL model waters do not represent the fouling potential of real natural 
waters, the data obtained with the SR and PL waters were excluded from subsequent statistical 
analysis. Figure 4.10 shows that, for each pretreatment process, the data from all surface water 
sources (UL, PB, MS, and WR) follow one trend that the MF secondary effluent and CH ground 
water sources do not. Linear regression results indicate that, when only the surface waters are 
taken into account, the UMFI for each pretreatment process is not only strongly correlated with 
the Fmax of component C5 but also has a high degree of linear correlation (Raw, p<0.05 and 
R2=0.79; MIEX, p<0.05 and R2=0.67; PAC, p<0.05 and R2=0.79; Alum and FeCl3 Coagulation, 
p<0.05 and R2=0.80; NaOCl, p<0.05 and R2=0.79; Dilution, p<0.05 and R2=0.81). However, if 
the data from the MF secondary effluent and the CH ground water are included in the analyses, 
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the R2 values decrease substantially, and the associated p-values become insignificant (p>0.05 
for Raw, MIEX, PAC, and NaOCl pretreated and diluted water and p=0.032 for Coagulation 
pretreated water). The fact that the secondary effluent and groundwater do not follow the same 
correlations as the surface waters, except for coagulation pretreated water, suggests that the 
protein-like DOM in secondary effluent and groundwater sources is very different from that in 
surface water sources. A similar observation was made by Henderson et al., (2011) who reported 
that a strong correlation existed between UF membrane hydraulic resistance and protein-like 
DOM in domestic wastewater, but no such correlation was observed when results from paper 
mill wastewater were added to the dataset. 
Similar analyses to those performed for the correlation between UMFI and the Fmax of 
component C5 were conducted for the correlation between UMFI and the Fmax of component C1 
(terrestrial humic-like DOM). Figures 4.2 and 4.11 present the corresponding scatter plots 
showing all data together and the data disaggregated by pretreatment process, respectively. For 
these analyses, component C1 was chosen over C2 and C4 (all of which correspond to terrestrial 
DOM) because as indicated in Section 4.2, component C6 in foulant layers corresponds to 
component C1 from feed waters. Linear regression results show that no strong correlation 
(p>0.05) was observed between UMFI and component C1 in feed water, even when considering 
only surface water sources and excluding MF and CH water from the regression. The only case 
in which UMFI was found to be strongly correlated (R2=0.97, p<0.0001) with component C1 
was for surface water pretreated with alum and FeCl3 coagulation. The lack of a general 
correlation between UMFI and component C1 (terrestrial humic-like DOM in feed waters) is 
consistent with the lack of correlation between UMFI and component C6 (terrestrial humic-like 
DOM in foulant layers) observed in Figure 4.8a. The fact that coagulated waters were the only 
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waters whose UMFI was strongly correlated to component C1 in addition to C5 suggests that the 
DOM properties in waters pretreated by coagulation are different from those all other waters. 
 
Figure 4.10. UMFI as a function of the Fmax of microbial protein-like DOM (component C5) in 
the feed waters of membrane filtration experiments conducted with (a) Raw, (b) MIEX, (c) PAC, 
(d) Coagulation, and (e) NaOCl pretreated waters, and (f) Dilution waters. Data exclude SR and 
PL water sources. 
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Figure 4.11. UMFI as a function of the Fmax of terrestrial humic-like DOM (component C1) in 
the feed waters of membrane filtration experiments conducted with (a) Raw, (b) MIEX, (c) PAC, 
(d) Coagulation, and (e) NaOCl pretreated waters, and (f) Dilution waters. Data exclude SR and 
PL water sources. 
The strong correlation found in Figure 4.10 for surface waters between UMFI and the 
Fmax of component C5 was further investigated by combining in Figure 4.12 all the data from 
Figures 4.10a-4.10f, except the data for MF secondary effluent and CH groundwater sources. 
The corresponding linear regression analysis showed that UMFI significantly correlated with the 
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pretreated by MIEX, PAC, NaOCl, Dilution), and the data from coagulated waters as another 
data set (Figure 4.12). The results show that there were strong linear correlations between UMFI 
and the Fmax of component C5 for coagulated waters (p=0.001, R2=0.86, UMFI = 14.99Fmax-
1.04) as well as for all other waters analyzed together (p<0.0001, R2=0.81, UMFI = 
17.53Fmax+1.01). The smaller slope for coagulated waters indicates that one unit of component 
C5 following coagulation has lesser effect on fouling compared to one unit of component C5 in 
Raw water and waters pretreated by other processes. Further research is needed to determine 
why this is the case. 
 
Figure 4.12. UMFI as a function of the Fmax of microbial protein-like DOM (component C5) in 
the feed waters of membrane filtration experiments performed with waters pretreated with 
various processes. The plot only includes data for surface waters (UL, PB, MS, and WR). 
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4.3.5. Correlation between fouling potential and fluorescent peak T in the feed waters  
In Figure 4.5 and 4.6, the results show that there were strong correlations between peak T 
measured by peak-picking technique and component C5 in the feed water and also component 
C7 in the backwash water. Then, in Figure 4.12, a correlation between fouling potential of 
surface water sources and the Fmax of component C5 in feed waters was found. As shown in the 
results of PARAFAC Model No.1, there was only one protein-like component (C5) present in 
feed permeate and concentrate samples, thus the relationship between fouling potential and 
fluorescence intensity at peak T in the feed water was also investigated. Figure 4.13 shows that 
there are significant correlations between fouling potential and fluorescence intensity at peak T  
  
	 149 
 
Figure 4.13. UMFI as a function of fluorescence intensity of peak T (ex 275/em 340 (nm/nm)) in 
the feed waters of membrane filtration experiments performed with waters pretreated with 
various processes. The plot only includes data for surface waters (UL, PB, MS, and WR). 
 
4.4. Conclusions 
I evaluated the UF membrane fouling potential (as quantified by the UMFI) and 
characterized the fluorescent signature of DOM in a wide range of water sources before and after 
a variety of pretreatment processes. The statistical analysis of the correlation between fouling 
potential and fluorescent DOM components in feed waters, identified using PARAFAC 
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• While five distinct fluorescent DOM components (C1-C5) were identified in feed waters, 
only two components (C6-C7) were identified in foulant layers, indicating that only a 
fraction of the DOM types in feed waters are responsible for membrane fouling.  
• The two components found in foulant layers were terrestrial humic-like (C6) and 
microbial protein-like (C7) DOM, suggesting that only these two types of DOM were 
retained by the membranes, with component C7 being retained to a much greater extent 
and therefore being the most likely component causing fouling. 
• A unique strong correlation was found (UMFI = 17.53Fmax+1.01, with UMFI in m2/m3 
and Fmax in RU, p=0.000, R2=0.81) between UMFI and the Fmax of protein-like DOM 
(component C5) in feed waters for all surface waters, either Raw or pretreated, except 
when pretreated by coagulation. When coagulation was used as the pretreatment process 
(either alum or FeCl3 coagulation), a different strong correlation was found (UMFI = 
14.99Fmax-1.04, p=0.001, R2=0.86). The difference in the slopes of the linear correlations 
suggests that one unit of protein-like DOM followed coagulation has less impact on 
fouling than that same unit of DOM followed other pretreatment processes. Similarly 
strong correlations were found between UMFI and peak T.  
• A strong correlation was found between the Fmax of protein-like DOM (component C5) 
and the fluorescence intensity of peak T (ex 275 nm/em 340 nm) in feed waters. 
Accordingly, strong correlations were also between fouling potential and peak T in feed 
waters, for all surface waters. These correlations suggest that fluorescence intensity 
monitoring at peak T could be used as a quick descriptor (without conducting PARAFAC 
modeling) of membrane fouling potential in surface water sources where there is only 
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one protein component present in water samples. For the group of waters sources studied 
(total of 6), the fluorescence intensity of protein-like DOM gives sufficient information to 
determine fouling potential only among the group of surface waters. This is likely 
because the protein characteristics in the secondary effluent (1 water source) and 
groundwater sources (1 water source) were different from those in surface water sources 
(4 waters sources).  
The strong quantitative correlation found between fouling potential and a fluorescent 
DOM component in feed waters identified by EEM-PARAFAC analysis demonstrates that 
fluorescence monitoring of microbial protein-like DOM can be used as a qualitative and/or 
(semi)quantitative descriptor of UF membrane fouling potential of surface water sources under a 
wide range of pretreatment conditions. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 
This dissertation focused on elucidating which water quality parameter(s) accounts for 
organic fouling of ultrafiltration (UF) membranes and fouling potential reduction by 
pretreatment processes. To accomplish this, the study aimed to: (i) investigate the relationship 
between DOM removal by various pretreatment processes and the associated UF fouling 
reduction; (ii) evaluate whether fluorescence excitation-emission matrices (EEMs) can be used 
as a tool to predict qualitatively and/or (semi)quantitatively the capability of a pretreatment 
process to reduce fouling potential of feed waters; and (iii) evaluate whether EEM spectroscopy 
coupled with parallel factor (PARAFAC) analysis can be used as a qualitative and/or 
(semi)quantitative predictor of fouling potential of feed waters. 
I tested the effect of various pretreatment processes on the reduction of UF membrane 
fouling potential using feed waters varying in DOM concentration and composition. Pretreatment 
processes included ion exchange with MIEX resin, PAC adsorption, alum coagulation, ferric 
chloride coagulation, and pre-chlorination with NaOCl. Dilution of feed waters was also used as 
a reference for comparison with the pretreatment processes, as dilution changes only the amount 
of DOM but not the relative composition of DOM. Four surface waters, one ground water, one 
secondary treated wastewater effluent, and two synthetic model waters were studied and a 
polyvinylidene fluoride (PVDF) hollow-fiber UF membrane was used in membrane fouling tests. 
The results and discussion support the major observations and conclusions below.  
• On the DOM components of PVDF UF membrane foulant layers 
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1. Using the peak-picking technique, microbial DOM (peak T) was found to be a more 
important contributor to membrane fouling than terrestrial fulvic-like DOM (peak A) or 
terrestrial humic-like DOM (peak C). 
2. Using PARAFAC analysis, five distinct fluorescent DOM components (C1-C5) were 
identified in feed waters, but only two components (C6-C7) were identified in foulant 
layers. This indicates that only a fraction of the different types of DOM in feed waters are 
responsible for membrane fouling.  
3. The two components found in foulant layers were terrestrial humic-like (C6) and 
microbial protein-like (C7) DOM, suggesting that only these two types of DOM were 
retained by the membranes, with component C7 being retained to a much greater extent 
and therefore being the most likely component causing fouling. 
4. Overall, relative to their respective abundance in feed waters, microbial protein-like 
DOM fractions had a disproportionately greater impact on PVDF UF membrane fouling 
compared to terrestrial humic-like DOM, regardless of water source or pretreatment 
• On the efficacy of pretreatment processes to reduce PVDF UF membrane fouling: 
5. Each pretreatment process had a broad range of efficacy in reducing membrane fouling 
potential across water sources. 
6. Overall, the pretreatment processes ranked in decreasing order of efficacy in reducing UF 
membrane fouling were: coagulation > anion exchange using MIEX > PAC adsorption = 
chlorination with NaOCl. 
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• On the correlation between reduction of PVDF membrane fouling potential by pretreatment 
processes and DOM in feed waters and foulant layers: 
7. The reduction in UF membrane fouling potential by pretreatment processes was not 
correlated to bulk properties of feed waters (i.e., DOC, UVA254, or SUVA). 
8. UF membrane fouling reduction by anion exchange using MIEX and coagulation was 
inversely correlated with the abundance of microbial protein-like DOM in surface feed 
waters. However, no unique quantitative relationship was found across all water sources 
(surface water, wastewater effluent, and groundwater) and pretreatment processes. 
9. For surface waters and secondary wastewater effluent, UF membrane fouling reduction 
by all pretreatment processes tested (coagulation using alum and FeCl3, anion exchange 
using MIEX, PAC adsorption, and chlorination using NaOCl) was strongly correlated to 
the reduction of microbial DOM, but not of terrestrial DOM, in the foulant layers 
• On the correlation between PVDF membrane fouling potential and DOM in feed waters: 
10. UF membrane fouling potential was not correlated to bulk properties of feed waters (i.e., 
DOC, UVA254, or SUVA). 
11. A unique strong correlation was found (UMFI = 17.53Fmax+1.01, with UMFI in m2/m3 
and Fmax in RU, p=0.000, R2=0.81) between UMFI and the Fmax of protein-like DOM 
(component C5) in feed waters for all surface waters, either Raw or pretreated, except 
when pretreated by coagulation. When coagulation was used as the pretreatment process 
(either alum or FeCl3 coagulation), a different strong correlation was found (UMFI = 
14.99Fmax-1.04, p=0.001, R2=0.86). The difference in the slopes of the linear correlations 
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suggests that one unit of protein-like DOM followed coagulation has less impact on 
fouling than that same unit of DOM followed other pretreatment processes. Similarly 
strong correlations were found between UMFI and peak T.  
12. A strong correlation was found between the Fmax of protein-like DOM (component C5) 
and the fluorescence intensity of peak T (ex 275 nm/em 340 nm) in feed waters. 
Accordingly, strong correlations were also between fouling potential and peak T in feed 
waters, for all surface waters. These correlations suggest that fluorescence intensity 
monitoring at peak T could be used as a quick descriptor (without conducting PARAFAC 
modeling) of membrane fouling potential in surface water sources where there is only 
one protein component present in water samples. 
13. For the group of waters sources studied (total of 6), the fluorescence intensity of protein-
like DOM gives sufficient information to determine fouling potential only among the 
group of surface waters. This is likely because the protein characteristics in the secondary 
effluent (1 water source) and groundwater sources (1 water source) were  different from 
those in surface water sources (4 waters sources). 
Overall, it can be concluded that pretreatment processes and strategies that target the removal of 
microbial protein-like DOM are more suitable as UF pretreatment toward fouling reduction 
compared to pretreatments and strategies that remove more DOC but do not effectively remove 
microbial protein-like DOM. 
 
  
	 161 
 
 
CHAPTER 6: FUTURE WORK 
Through characterization of UF membrane organic foulants, investigation of the correlation 
between fouling potential of sources waters and fractions of DOM in those waters, and evaluation of 
fouling potential reduction by pretreatment processes, this dissertation has generated new 
information that has raised additional questions for future research. Two questions that arose from 
this dissertation are:  
1. What is the best practical option for combined pretreatment processes to remove 
microbial DOM and reduce membrane fouling potential? In Chapters 2 and 3, I found that 
microbial DOM is a more important contributor to membrane fouling than terrestrial DOM and 
that coagulation pretreatment was more effective than MIEX, PAC, and NaOCl pretreatments in 
fouling reduction. I also found that NaOCl pretreatment reduced fluorescence intensity of 
microbial DOM more effectively than other pretreatments and MIEX resin achieved the greatest 
DOC removal among pretreatments studied. Based on a previous study (Singer & Bilyk, 2002), 
using MIEX resin before coagulation could reduce the requisite alum dosage by six times 
compared to just coagulation of raw water. Note that coagulation processes are associated with 
operational costs of coagulant and sludge handling and chlorination of high DOC waters is 
associated with DBPs formation. Thus, there remain options to be explored for the practical and 
economical choices of combined pretreatment processes aimed toward membrane fouling 
reduction. For example, the combined pretreatment processes could be (1) ion exchange using 
MIEX resin followed by coagulation at reduced doses, (2) ion exchange using MIEX resin 
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followed by chlorination at reduced doses, or (3) coagulation followed by chlorination at reduced 
doses. In-depth studies are needed to evaluate the efficacy of pretreatment strategies in terms of 
microbial DOM removal, membrane fouling reduction, and minimization of DBPs formation (for 
chlorination). 
2. Is the correlation found between membrane fouling potential and fluorescence 
intensity of protein-like DOM for the group of surface water sources valid for other water 
sources? As discussed in Chapter 4, the correlation between membrane fouling potential and 
florescence intensity of protein-like DOM existed only for the group of surface water sources 
(lake and river). However, the water sources investigated in Chapter 4 included four surface 
water sources and only one ground water and one treated wastewater effluent.  Having only one 
ground water and one treated wastewater effluent made it impossible to evaluate if correlations 
also exist also for ground waters and treated effluent waters. More samples of ground water and 
treated effluent are needed. Therefore, the correlations between fouling potential and 
fluorescence intensity of protein-like DOM in water sources different from surface waters (e.g., 
ground water and treated effluent) remain to be studied. 
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APPENDIX A: SUPPORTING METERIALS FOR CHAPTER 2 
 
Figure A1. (a) Illustrative normalized flux decline as a function of time for SR raw water (Raw), 
and SR water treated with MIEX doses of 2 mL/L (MIEX2) and 10 mL/L (MIEX10) and SR 
water diluted with lab grade water to the same DOC content with SR-MIEX2 (Diluted). (b) 
Illustrative fit of experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for SR Raw 
(R2=0.91), MIEX2 (R2=0.81), MIEX10 (R2=0.96), and Diluted (R2=0.78) waters, where the 
slope of the linear regression corresponds to the unified membrane fouling index (UMFI). 
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Figure A2. (a) Illustrative normalized flux decline as a function of time for PL raw water (Raw), 
and PL water treated with MIEX doses of 2 mL/L (MIEX2) and 10 mL/L (MIEX10) and PL 
water diluted with lab grade water to the same DOC content with PL-MIEX2 (Diluted). (b) 
Illustrative fit of experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for PL Raw 
(R2=0.79), MIEX2 (R2=0.91), MIEX10 (R2=0.85), and Diluted (R2=0.73) waters, where the 
slope of the linear regression corresponds to the unified membrane fouling index (UMFI). 
 
0.0
0.2
0.4
0.6
0.8
1.0
0:00 1:00 2:00 3:00 4:00 5:00 6:00
J t/
J o
Time (hh:mm)
(a)
PL-Raw PL-MIEX2
PL-MIEX10 PL-Diluted
y = 0.0007x + 1
y = 0.0006x + 1
y = 0.0004x + 1
y = 0.0003x + 1
0.0
0.5
1.0
1.5
2.0
0 100 200 300 400 500
J o/
J t
Vs (L/m2)
(b)
PL-Raw PL-MIEX2
PL-MIEX10 PL-Diluted
	 166 
 
Figure A3. (a) Illustrative normalized flux decline as a function of time for CC raw water (Raw), 
and CC water treated with MIEX doses of 2 mL/L (MIEX2) and CC water diluted with lab grade 
water to the same DOC content with CC-MIEX2 (Diluted). (b) Illustrative fit of experimental 
results for Jo/Jt	 as a function of VS to Equation 2.1 for Raw (R2=0.99), MIEX2 (R2=0.98), and 
Diluted (R2=0.97) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI). 
  
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
0:00 1:00 2:00 3:00 4:00 5:00 6:00 
J t
/J
0 
Time (hh:mm) 
(a) 
CC-Raw 
CC-MIEX2 
CC-Diluted 
y = 0.0075x + 1 
y = 0.0062x + 1 
y = 0.0017x + 1 
0.0 
1.0 
2.0 
3.0 
4.0 
0 100 200 300 400 500 
J 0
/J
t 
Vs (L/m2) 
(b) 
CC-Raw 
CC-MIEX2 
CC-Diluted 
	 167 
 
Figure A4. (a) Illustrative normalized flux decline as a function of time for UL raw water (Raw), 
and UL water treated with MIEX doses of 2 mL/L (MIEX2) and 10 mL/L (MIEX10) and UL 
water diluted with lab grade water to the same DOC content with UL-MIEX2 (Diluted). (b) 
Illustrative fit of experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for UL Raw 
(R2=0.99), MIEX2 (R2=0.99), MIEX10 (R2=0.98), and Diluted (R2=0.98) waters, where the 
slope of the linear regression corresponds to the unified membrane fouling index (UMFI). 
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Figure A5. (a) Illustrative normalized flux decline as a function of time for PB raw water (Raw), 
and PB water treated with MIEX doses of 2 mL/L (MIEX2) and 10 mL/L (MIEX10) and PB 
water diluted with lab grade water to the same DOC content with PB-MIEX2 (Diluted). (b) 
Illustrative fit of experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for PB Raw 
(R2=0.99), MIEX2 (R2=0.99), MIEX10 (R2=0.99), and Diluted (R2=0.98) waters, where the 
slope of the linear regression corresponds to the unified membrane fouling index (UMFI). 
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Figure A6. Percent UMFI reduction by MIEX 2 mL/L pretreatment as a function of (a) percent 
UVA254 removal and (b) percent SUVA reduction in raw waters.  
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Figure A7. Percent UMFI reduction by 2 mL/L MIEX pretreatment as a function of initial (a) 
DOC, (b) UVA254, and (c) SUVA levels in raw waters. 
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Figure A8. UMFI as a function of initial (a) DOC concentration, (b) UVA254 level, and (c) 
SUVA levels in raw waters (Raw), waters pretreated with MIEX doses of 2 mL/L (MIEX2) and 
10 mL/L (MIEX10), and raw waters diluted with LGW (Diluted) to approximately the same 
DOC content of waters treated with a MIEX dose of 2 mL/L. 	
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Figure A9. Low-pressure membrane fouling potential reduction by MIEX 2 and 10 mL/L as a 
function of the fluorescence intensity of (a) component A and (b) component C (terrestrial 
DOM). The figure contains data for all six water sources treated with 2 mL/L MIEX dose 
(MIEX2) and 10 mL/L MIEX dose (MIEX10), except for the CC+MIEX10 experiment due to 
limited water sample availability. 
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APPENDIX B: ESI FTICR MS ANALYSES 
B.1 Introduction 
In Chapter 2, it was found that a magnetic ion exchange resin (MIEX) had a broad range 
of efficacy in reducing the fouling potential of feed waters to an ultrafiltration (UF) membrane. 
This inconsistency of efficacy in fouling potential reduction was associated with the preferential 
removal of terrestrial DOM by MIEX, while microbial DOM was the organic fraction that 
preferentially fouled the membrane over terrestrial DOM, relative to their respective 
concentrations in feed waters. This conclusion was drawn on the basis of fluorescence excitation-
emission matrix (EEM) spectroscopy analyses of membrane feed and backwash waters. In this 
chapter, I aim to better understand the nature of the DOM fractions removed by MIEX and those 
that caused fouling through mass spectrometry (MS) analysis of corresponding DOM extracts. 
For MS analyses, I chose to analyze water samples generated from fouling experiments 
performed with University Lake water, which was the water whose membrane fouling potential 
MIEX reduced the least (3.5% UMFI reduction) in Chapter 2.  
Dissolved organic matter (DOM) has a broad range of concentrations and compositions 
and its chemistry is complex and highly variable from water to water. The basic measurements of 
DOM quantity and character are dissolved organic carbon (DOC) and ultraviolet absorbance at 
254 nm (UVA254). DOC is the organic carbon content in a sample that has been filtered with a 
1.2 µm filter. UVA254 serves as a rough indicator of aromatic character of DOM and has been 
widely used in aquatic studies (Leenheer and Croué, 2003). Specific UV absorbance (SUVA or 
SUVA254) is defined as the UVA254 of the sample divided by the DOC concentration and is 
strongly correlated with DOM aromaticity (Helms et al., 2008). More advanced characterization 
techniques that have been applied in DOM characterization in water treatment research are size 
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exclusion chromatography (SEC), fractionation by resin sorbents (e.g. XAD-8 resin), carbon 
nuclear magnetic resonance (13C NMR) spectroscopy, fluorescence excitation-emission matrix 
(EEM) spectroscopy, and Fourier transform ion cyclotron resonance mass spectrometry (FTICR 
MS). EEM spectroscopy has proven successful in organic matter characterization with minimal 
sample pretreatment required (Coble, 1996; Mobed et al., 1996).  
Among all DOM characterization techniques available, FTICR MS provides the most 
resolved view of DOM composition by generating a mass spectrum containing thousands of 
peaks that reveal molecular-level composition of macromolecules within DOM (Jackson et al., 
1998; Jawinski, 2002; Sleighter et al., 2014). In combination with electrospray ionization (ESI), 
FTICR MS can provide extensive molecular elemental information without preceding 
chromatographic separation. ESI FTICR MS determines the mass-to-charge ratio (m/z) of ions 
based on the cyclotron frequency of the ions in a fixed magnetic field. ESI FTICR MS has a very 
high resolution (>200,000 resolving power) and mass accuracy (often<0.5 mg/L) (Koch and 
Dittmar, 2006). Recently, a study by Sleighter et al. (2014) successfully related fluorescence 
DOM signature to molecular formula assignments obtained from FTICR MS data. 
Formula assignment of DOM is possible with ESI FTICR MS because DOM consists of 
few abundant elements, mainly of C, H, and O, and to a lower degree N, P and S. Other elements 
are rare in DOM and can be disregarded for a general examination of molecular structures (Koch 
and Dittmar, 2006). The obtained elemental compositions can reveal the compound class (i.e., 
numbers of N, O, and S atoms), type (number of rings plus double bonds) and degree of 
alkylation (number of CH2 groups). Mass spectra data can be interpreted graphically using van 
Krevelen diagrams where each elemental composition is projected onto two axes according to its 
H/C, O/C, and/or N/C atomic ratios (plotting H/C vs O/C, or H/C vs N/C). The H/C ratio 
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separates compounds according to degree of saturation, whereas O/C or N/C ratios separate 
compounds according to O and N classes. Thus the van Krevelen diagram graphically separates 
different compound classes by the location of the data on the plot (Wu et al., 2004).  
Recently, a study by Sleighter et al. (2014) successfully related fluorescence DOM 
signature to molecular formula assignments obtained from FTICR MS data. Cortés-Francisco et 
al. (2014) used FTICR MS to investigate changes of DOM composition in permeate waters from 
UF membranes and reported no significant change in the nature of DOM at molecular level. 
There is no evidence in the peer-reviewed literature of systematic studies characterizing organic 
foulants of UF membrane by FTICR MS. Thus, given the ability of FTICR to determine 
molecular-level composition of DOM, using FTCIR in combination with EEM spectroscopy 
(which allows for the monitoring of humic-like and protein-like DOM) could enable the 
characterization of the molecular-level composition of organic foulants. This approach could 
further the understanding of the efficacy of MIEX pretreatment, or other pretreatment processes, 
in membrane fouling reduction.  
Accordingly, the objective of this study was to further the understanding of why MIEX 
pretreatment was not successful in UF fouling reduction for the case of University Lake water. 
The experimental approach consisted of tracking foulants with EEM spectroscopy and 
characterizing their molecular level composition using ESI FTCIR MS. The DOM fluorescent 
fractions identified by EEM spectroscopy and molecular formula assignments determined by 
FTCIR are used to explain the limited efficacy of MIEX pretreatment to reduce the UF fouling 
potential of University Lake water. 
B.2 Materials and methods 
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B.2.1. Water Samples 
 Natural water samples were collected during the period from 6/8/15 to 6/24/15 from the 
intake of drinking water treatment plant using, as source water, the University Lake (UL) in 
Orange County, North Carolina. Water samples were transported from nearby water treatment 
plant to the laboratory the same day they were collected. Immediately after arrival, the water 
samples were filtered with Whatman (Piscataway, NJ) GF/C 1.2-µm glass fiber filters to remove 
suspended solids, and then stored at 4oC in the dark until needed. The DOC content of the source 
water ranged between 5.2-6.0 mg-C/L. 
B.2.2 MIEX pretreatment 
 MIEX DOC resin, provided by Ixom Watercare Inc., was stored wet in a 5% NaCl 
solution. The resin concentration is reported as milliliters of settled resin per liter of water. For 
dosing purposes, the resin was allowed to settle in a glass-graduated cylinder for 30 min before 
measuring the settled resin volume. The experiments were performed using a jar test apparatus 
with 2-L square jars (Phipps and Bird Inc., Richmond, VA). The mixing protocol entailed mixing 
at 100 rpm for 1 h and settling for 15 min. After settling, the supernatant was decanted and 
vacuum-filtered through GF/C 1.2-µm glass fiber filters (Whatman, Piscataway, NJ, USA),. For 
pretreatment of waters used in fouling tests, I used a 2 mL/L MIEX resin dose (i.e., a dose used 
in Chapter 2). Due to the large volume of water needed for fouling experiments (see Section 
3.2.3), the source water was pretreated by MIEX in 20 batches, the MIEX-treated waters were 
combined, and the composite sample was used for DOM characterization. 
B.2.3 UF membrane fouling experiments for foulant layer collection 
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 The membranes used consisted of hydrophilic polyvinylidene fluoride (PVDF), hollow-
fiber ultrafiltration membranes (GE Water & Process Technologies, Oakville, Ontario, Canada) 
with nominal pore size of 0.04 µm and outside diameter of 1.95 mm. The PVDF membrane had a 
contact angle in the range of 60-65o (provided by the manufacturer). A hollow-fiber module 
(Figure B1) was made using forty fibers, each 15 cm in length, resulting in a total surface area of 
367.5 cm2. The module was similar to that used in Chapter 2, but the number of fibers was 
increased in order to collect a greater amount of foulant layer mass for FTICR MS analysis. The 
module was submerged in a 2-L glass beaker and vacuum pressure of 60-70 kPa was applied to 
operate the fibers in an outside-in mode. After every 600 mL of permeate filtered, the module 
was first backwashed at 100 kPa using 70 mL of lab grade water and then rinsed by spraying 30 
mL of lab grade water on the membrane surface to collect foulant layer. The permeate flow rate 
ranged between 60.0-75.0 mL/min. The filtration-backwash cycle was done 20 times for the 
filtration of raw water and 30 times for filtration of MIEX-treated water. Chemical cleaning was 
performed between filtration of raw and MIEX-treated water, and consisted of submerging and 
aerating the module in 1% sodium hypochlorite (NaOCl) solution for 15 min (Nghiem, et al., 
2009). Since the flux decline and fouling behavior of University Lake water were studied 
previously in Chapter 2, this study did not monitor flux decline during the filtration, but aimed to 
collect foulant layer for organic matter characterization.  
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Figure B1. Hollow fiber membrane module consisting of forty fibers for filtration experiment. 
B.2.4 Dissolved organic carbon (DOC) and total nitrogen (TN) analysis 
The dissolved organic carbon (DOC) and total nitrogen (TN, includes nitrates, nitrite, 
ammonia, and organic nitrogen compounds) concentrations in water were measured using a 
TOC-V organic carbon and total nitrogen analyzer (Shimadzu, Atlanta, GA). See detail of DOC 
measurement and calibration in Section 2.2.4 in Chapter 2. 
B.2.5 Optical Measurements 
 UVA254 measurements were made using a 1-cm quartz cell and a U-2000 
spectrophotometer (Hitachi Instruments Inc., Danbury, CT, USA). Fluorescence measurements 
were conducted in a 1-cm quartz cell using Aqualog and Fluorolog-321 spectro-fluorometers 
(Horiba JobinYvon, Edison, NJ, USA), and spectra slopes were obtained using a diode array 
UV-Vis spectrophotometer (Hewlett Packard, Palo Alto, CA, USA). See detail of fluorescence 
EEM measurement in in Section 2.2.4 in Chapter 2. 
B.2.6 Calculations: Optical Indices 
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Several optical indices were calculated to investigate DOM characteristics including UV 
absorbance at 254 nm (UVA254), specific UV absorbance at 254 nm (SUVA), spectral slope (SR), 
fluorescence index (FI), and fluorescence intensity at peak A, C, and T (see Section 2.2.4 in 
Chapter 2). 
 SUVA values were calculated as SUVA = 100*(UVA254/DOC) and were used to estimate 
the degree of aromaticity in bulk DOM (Weishaar et al., 2003). Ultraviolet-visible absorption 
spectra slope ratio (SR) was calculated as the ratio of the spectra slopes in the 275–295-nm and 
350–400-nm ranges. SR has been shown to be inversely correlated to the average molecular 
weight of DOM (Helms et al., 2008), with lower SR values indicating higher molecular weight 
fractions of the DOM pool (Stedmon et al., 2011; Walker et al., 2013). The fluorescence index 
(FI) was calculated as the ratio between the emission intensity at a wavelength of 450 nm and 
that at 500 nm, obtained with an excitation of 370 nm (McKnight et al., 2001). FI has been used 
to assess the relative contribution of microbial and terrestrial DOM to the DOM pool, with 
higher FI values indicating a more microbial-like character (Cory & McKnight, 2005; Diane M 
McKnight et al., 2001). 
EEM data is typically analyzed using a ‘peak picking’ method, which uses excitation-
emission wavelength pairs from contour plots of EEMs to identify fluorophores based on the 
location of the maximum fluorescence intensity (Coble 1996; Henderson et al., 2009). The most 
common reoccurring fluorophores in aquatic environment are typically designated as A, C and T 
(see Section 2.2.4 in Chapter 2), and are identified by their emission intensities at 
excitation/emission pairs of 250/450, 350/450, and 275/340 (nm/nm), respectively (Coble 1996, 
2007; Leenheer and Croué, 2003; C. Stedmon, et al., 2003). Peak A is associated with terrestrial 
fulvic-like DOM, while peak C is associated with terrestrial humic-like substances; both are 
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present in drinking water, and a wide variety of marine and fresh water sources (Coble, 1996; 
Stedmon et al., 2003). Peak T is associated with microbial protein-like DOM or tryptophan-like 
fluorophores, commonly associated with microbial activity in surface waters, and correlated with 
wastewater and recycled water sources (Coble, 1996; Hambly et al., 2015; Stedmon et al., 2003).  
B.2.7 Solid phase extraction (SPE)  
SPE was employed to concentrate DOM for FT-ICR MS analysis. Six samples from 
membrane filtration experiments were extracted, including: 
1. Raw feed water (code: Raw-Feed),  
2. 2 mL/L MIEX-treated feed water (code: MIEX-Feed),  
3. Permeate collected from filtration of raw water (code: Raw-Per), 
4. Permeate collected from filtration of 2 mL/L MIEX-treated water (code: MIEX-Per), 
5. Foulant layer collected from backwashing the UF membrane after filtration of raw 
water (code: Raw-BW), 
6. Foulant layer collected from backwashing the UF membrane after filtration of 2 mL/L 
MIEX-treated water (code: MIEX-BW).  
The DOC content of these six samples ranged between 2.4-5.2 mg-C/L. One liter of lab 
grade water was also extracted as a blank sample for quality control purposes. All water samples 
were filtered through 1.2-µm GF/C glass-fiber filters (Whatman, Piscataway, NJ, USA), 
acidified to pH 2 using HCl (Fisher Chemical Co., Fair Lawn, NJ, USA), and then concentrated 
by SPE as described by Dittmar et al. (2008). PPL Bond ElutTM SPE cartridges (Agilent 
Technologies, Santa Clara, CA, USA), which contain a functionalized styrene divinylbenzene 
sorbent with pore size of 150 Å, were selected for their relatively high extraction efficiency and 
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capability to retain both polar to nonpolar compounds. A cartridge size of 1 g in 6 mL was 
selected based on the DOC content of water samples, and a sample volume of 1.0-2.15 L was 
used for all extractions. The extracted sample volumes were varied due to the difference in DOC 
of each sample, but the volume extracted never exceed 10L sample per g adsorber (Dittmar et al., 
2008) 
Before the extraction, the cartridge was conditioned with one cartridge volume of 
methanol (Certified ACS, Fisher Chemical Co.) according to the guidelines provided by the 
manufacturer. Then the water sample was pumped through the cartridge using a peristaltic pump 
(Masterflex, Cole-Parmer, Vernon Hills, IL, USA) at a flow rate of less than 20 mL/min. The 
cartridge was then rinsed with 12 mL (2 cartridge volumes) of 0.01 M HCl to remove any 
remaining salts. Sorbents were dried using a stream of vacuum air for about 5 min and retained 
organics was eluted with 6 mL of methanol (one cartridge volumes) (Fisher Chemical Co.) at a 
flow rate of less than 2 mL/min under gravity. The UVA254 of samples before and after 
extraction was measured to estimate UVA254 extraction efficiency. The first 500 mL of water 
sample that has passed through the cartridge was discarded due to the contamination of 
methanol, and then the rest of the extracted samples were analyzed for DOC to estimate the 
extraction efficiency. The UVA254-based and DOC-based extraction efficiencies ranged between 
63.9-83.1% and 65.1-81.5%, which resembles the extraction efficiency reported previously by 
Dittmar et al. (2008). 
The eluate from the cartridges had a final DOC content of approximately 500 mg-C/L as 
calculated based on extraction efficiency. The eluted DOM samples were stored in the dark at 
4oC and shipped with cold packs overnight to the National High Magnetic Field Laboratory 
Florida (NHMFL), State University, Tallahassee, FL for FTICR MS analysis.  
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B.2.8 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR MS) Analyses 
FTICR MS mass spectra were obtained with a custom-built 9.4 T mass spectrometer 
equipped with an ESI source (Oxford Instruments, Abingdon, Oxfordshire OX13 5QX United 
Kingdom) located at the National High Magnetic Field Laboratory (NHMFL), Florida State 
University, Tallahassee, FL (Stenson et al, 2002; 2003). Extracts from SPE were diluted to a 
DOC content of approximately 100 mg-C/L before FTICR MS analysis. Ions were produced in 
negative-ion electrospray ionization (ESI) by pumping sample through the needle and a fused-
silica capillary tip of ESI source. Ions then traveled through a tube lens and skimmer. A 
quadrupole mass filter was used to fill the ICR cell with only low-m/z ions (Stenson et al., 2003). 
Data acquisition, collection, and processing were done using a modular ICR data acquisition 
station (Blakney et al., 2011). Mass spectra were internally calibrated from ICR frequency to 
mass-to-charge ratio from extended homologous alkylation series (compounds that differ in 
elemental composition by integer multiples of CH2) of high relative abundance (Podgorski et al. 
2012a; 2012b). NHMFL MS software was used to calculate all possible molecular formulas and 
final molecular formula assignments were based on automated compound identification 
algorithm outlined by Kujawinski and Behn (2006). The compositional constraints C (0−100), H 
(0−200), N (0−3), O (0−30), S (0−2), and 13C(0−2) were used in the formula calculator 
(Podgorski et al., 2012b). The samples were analyzed in triplicate and the average is reported. 
The double-bond equivalent (DBE) has been previously used to assess the degree of 
unsaturation or the density of C–C double bonds in a molecule (Koch and Dittmar, 2006). DBE 
represents the sum of rings and double bonds in each molecule, and can be calculated on the 
basis of the content of common elements of DOM (C, H, N, P) and their prevailing covalences 
(Sleighter and Hatcher, 2007). The DBE for DOM can be expressed as 
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DBE = 1 + 0.5*(2C – H + N + P)       (B.1) 
A high DBE/C ratio is associated with a decreasing number of H atoms in a molecule, 
thus indicating increasing unsaturation, and is indicative for aromatic or even condensed 
aromatic structures (Koch and Dittmar, 2006). DBE does not take into account the number of O 
and S atoms in DOM molecules (Equation 3.1). 
Assigned formulas were categorized by compound class based on elemental 
stoichiometry. The modified aromaticity index (AImod) (Koch and Dittmar, 2006) of molecular 
formulas, which reflects C–C double-bond density in a molecule, was calculated as  
AImod = (1 + C – 0.5O – S – 0.5S)/(C – 0.5O – S – N – P)    (B.2) 
Formulas with AImod values between 0.5-0.67 were considered aromatic, and those with 
AImod > 0.67 were considered condensed aromatic (Koch and Dittmar, 2006). Additional 
compound classes were assigned based on the criteria in Table B1 (Spencer et al., 2014). 
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Table B1. Criteria for assigning compound classes. 
Compound class Almod H/C O/C N 
Condensed Aromatics (Black 
Carbon) 
>0.67 - - - 
Aromatics (Polyphenols) 0.5-0.67 - - - 
Highly Unsaturated, Low Oxygen <0.5 <1.5 <0.5 - 
Highly Unsaturated, High Oxygen <0.5 <1.5 0.5-0.9 - 
Aliphatics - 1.5-2.0 <0.9 - 
Peptides* - 1.5-2.0 <0.9 >0 
*Compounds identified as “peptides” have the molecular formula of peptides, but their actual 
structure may differ. 
B.3. Results and discussions 
B.3.1 DOC, SUVA and TN 
DOC, SUVA and TN of the six water samples from membrane filtration experiments are 
shown in Figure B.2a-b. DOC, SUVA, and TN removal by MIEX treatment were 53.7%, 50.2% 
and 45.2%, respectively. Reduction of SUVA by MIEX indicates that MIEX preferentially 
removed the aromatic fraction of DOM. A comparison of the DOC, SUVA and TN of membrane 
permeate to their corresponding feed Raw water values indicates that membrane filtration only 
caused slightly changes in DOC (5.1% decrease) and TN (0.3% increase). The increase of TN 
after membrane filtration was small. In the case of filtration of MIEX-treated water, membrane 
filtration caused 2.3% reduction of DOC and 6.1% reduction of TN. The small changes in DOC 
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and TN by membrane filtration could be a result of measurement uncertainly, suggesting that 
membrane filtration does not change DOC and TN of permeate water compared to feed water. 
 
Figure B2. (a) DOC (mg/L) and SUVA (L/mg.m), and (b) TN (mg/L) of Raw and MIEX-treated 
feed, permeate and backwash water samples. Error bars correspond to the standard deviation of 
results obtained from triplicate samples.  
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B.3.2 Fluorescence and UV-vis spectroscopy analyses  
I used EEM spectroscopy to characterize the relative abundance of terrestrial and microbial 
DOM in membrane feed (Raw and MIEX-pretreated) and permeate waters, as well as in their 
foulant layers (through the analyses of the corresponding backwash water). Figure B3 presents 
representative contour plots of EEMs generated from the analyses of Raw water (Figure B3a), 
MIEX-treated water (Figure B3b), permeate from the experiment performed using Raw water 
(Figure B3c) and MIEX-treated water (Figure B3d), and backwash waters containing DOM from 
the foulant layers of membranes fouled by Raw water (Figure B3e) and MIEX-treated water 
(Figures B3f). The excitation/emission coordinates (Ex, nm/ Em, nm) corresponding to peaks A 
(250/250), C (250/450), and T (275/340) are indicated in Figure B3a, and are applicable to all 
other EEM plots. The fluorescence intensity scales of Figure B3a-f are different for a better 
representation of different maximum intensities among groups of fluorophores in different 
samples. 
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Figure B3. Representative contour plots of EEMs generated from the analyses of (a) raw water 
(Raw-Feed), (b) MIEX-treated water (MIEX-Feed), (c) membrane permeate from the experiment 
performed using Raw water (Raw-Per), (d) membrane permeate from the experiment performed 
using MIEX-treated water (MIEX-Per), (e) backwash water from the experiment performed 
using raw water (Raw-BW), and (f) backwash water from the experiment performed using 
MIEX-treated water (MIEX-BW).  
Raw-Feed	
Raw-Per	
Raw-BW	
MIEX-Feed	
MIEX-Per	
MIEX-BW	
(a)	 (b)	
(c)	 (d)	
(e)	 (f)	
A	
C	
T	
Ex
ci
ta
<o
n	
(n
m
)	
350 400 450 500 550 
450 
400 
350 
300 
250 0.0 
0.4 
0.8 
1.2 
450 
400 
350 
300 
250 
350 400 450 500 550 
0.10 
0.00 
0.05 
0.15 
0.2 
0.25 
350 400 450 500 550 
450 
400 
350 
300 
250 
350 400 450 500 550 
450 
400 
350 
300 
250 
350 400 450 500 550 
450 
400 
350 
300 
250 
350 400 450 500 550 
450 
400 
350 
300 
250 0.00 
0.05 
0.15 
0.20 
0.25 
0.10 
0.00 
0.05 
0.15 
0.20 
0.10 
0.0 
0.4 
1.2 
0.8 
0.05 
0.25 
0.35 
0.45 
0.15 
In
te
ns
ity
	(R
U
)	
Emission	(nm)	
	 188 
As shown in Figure B3a, for Raw water, the terrestrial fractions of DOM (peak A, Ex 250/ 
Ex 450 and peak C, Ex 350/ Em 450) had a significantly higher fluorescence intensity than the 
microbial DOM (peak T, Ex 275/ Em 340), indicating greater abundance of terrestrial DOM over 
microbial DOM, consistent with the typical relative abundance of these two DOM fractions in 
natural surface waters (Mostofa et al., 2013). After MIEX treatment, the intensity of the three 
peaks decreased significantly as the scale of Figure B3b (maximum at 0.25 RU) is much lower 
than that of Figure B3a (maximum at 1.4 RU). By contrast, the fluorescence intensity of the three 
components did not decrease substantially in membrane permeate water (Figures B3c and B3d) 
compared to their corresponding membrane feed waters (Figure B3a and B3b, respectively). The 
EEMs of the foulant layers (backwash waters) of membranes fouled by each of the Raw and 
MIEX-treated waters (Figures B3e-f) showed relatively high fluorescence intensities associated 
with microbial DOM (peak T) and relatively low fluorescence intensities associated with 
terrestrial DOM (peaks A and C). This indicates greater abundance in the foulant layer of 
microbial DOM compared to terrestrial DOM and consistent with previous finding in Chapter 2. 
For a more quantitative analysis of the major DOM components of the foulant layers, the 
intensities of peaks A, C, and T of the six water samples (Raw-Feed, MIEX-FEED, Raw-Per, 
MIEX-Per, Raw-BW, MIEX-BW) are shown in Figure B4a, and their corresponding slope ratio 
(SR) and fluorescence index (FI) values are shown in Figure B4b.  
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Figure B4. (a) Fluorescence intensity (Raman units) at peak A, C and T as extracted from EEM 
and (b) Slope ratio (SR) and fluorescence index (FI) obtained from Raw and MIEX-treated feed, 
permeate and backwash samples. Error bars correspond to the standard deviation of results 
obtained in triplicate analyses. 
The results in Figure B4a support the observations from Figure B3a-b that MIEX treatment 
significantly reduced the intensity of peak A (83.9%) and peak C (81.0%), while moderately 
reduced the intensity of peak T (40.6%). This indicates the preferential removal of terrestrial 
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in the fluorescence intensity of peaks A, C and T of 13.3%, 3.3% and 29.6%, respectively. 
Similarly, membrane filtration of MIEX-treated water resulted in a reduction in the fluorescence 
intensity of peaks A, C and T of 8.2%, 4.5%, and 31.7%, respectively. The low rejections of 
peaks A and C compared to peak T in for both waters indicate that the membrane rejected peak T 
preferentially over peaks A and C.  
For further quantitative analyses of the major DOM components of the foulant layers, I 
evaluated the A/T fluorescence ratio of membrane feed (Raw and MIEX-treated) waters as well 
as of membrane backwash waters using the data in Figure B.4a. Since peaks A and T represent 
terrestrial fulvic-like and microbial protein-like DOM, respectively, the A/T ratio corresponds to 
the terrestrial fulvic/microbial ratio. The A/T ratio in the foulant layers, compared to in 
corresponding feed waters, decreased dramatically from 6.27 to 1.68 in the filtration of Raw 
water and moderately from 1.70 to 1.32 in the filtration of MIEX-treated water. The decrease of 
the A/T ratio indicates a higher contribution of protein-like DOM in the foulant layer. 
The results in Figure B4b show that MIEX treatment did not cause a significant change is 
the SR value. The SR values of the foulant layers were 11.6% and 38.4% lower, compared to the 
corresponding values in feed waters, for the filtration of Raw and MIEX-treated water, 
respectively. Since lower SR values indicate higher molecular-weight DOM (Stedmon et al., 
2011; Walker et al., 2013), these decreases in SR suggest that foulant layers were comprised of 
DOM with a larger average molecular weight than the DOM in corresponding feed waters. The 
results in Figure B.4b also show that while the FI values of feed and permeate water samples 
were relatively similar (FI values of 1.47-1.61), the FI values in the foulant layers were 
significantly higher (46-74%) than in their corresponding feed waters. Since greater FI values 
indicate a higher relative contribution of microbially derived DOM (Cory & McKnight, 2005), 
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the FI results support the previous conclusion (drawn from the analysis of A/T ratios) and the 
previous finding from Chapter 2 that the foulant layers are enriched in microbially derived DOM 
compared to their corresponding feed waters.  
B.3.3 Assigned formulas of FT-ICR MS spectra and compound classes 
The broadband negative electrospray 9.4 T FTICR mass spectra of raw water sample (Raw-
Feed), MIEX-FEED, Raw-Per, MIEX-Per, Raw-BW, and MIEX-BW samples are shown in 
Figure B5. FTICR mass spectra identified 5169-8964 assigned formulas per sample in the m/z 
range of 179.0-997.9. The formulas were characterized as belonging to three main groups 
according to their elemental composition: formulas that contained C, H and O only; formulas 
that contained C, H, O and N; formulas that contained C, H, O and S. Figure B6a presents the 
number of assigned formulas for each of the six water samples analyzed, and Figure B6b 
presents the percentage that each of the three main formula groups accounted for in each of the 
six water samples.  
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Figure B5. Broadband negative electrospray 9.4 T FTICR mass spectra of (a) raw water (Raw-
Feed), (b) MIEX-treated water (MEIX-Feed), (c) membrane permeate from the experiment 
perform using raw water (Raw-Per), (d) membrane permeate from the experiment perform using 
MIEX-treated water (MIEX-Per), (e) backwash water from the experiment perform using raw 
water (Raw-BW), and (f) backwash water from the experiment perform using MIEX-treated 
water (MIEX-BW).  
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Figure B6. (a) Number of assigned formulas from FTICR MS, and (b) percentage of CHO, 
CHON and CHOS classes in the total number of assigned formulas for Raw and MIEX-treated 
feed, permeate and backwash samples. 
Examination of the elemental compositions and stoichiometry of formula revealed further 
trends. Small and insignificant changes were observed in terms of percentages assigned formulas 
of each group in MIEX-treated waters compared to Raw water, and in permeate waters compared 
to that in corresponding feed waters (Figure B6b). Although all samples contained similar 
percentages of CHOS formulas (22–24%), MIEX treatment caused a four percentage points 
decrease in the CHO group and caused a six percentage points increase in the CHON group. This 
suggests the preferential removal of the CHO group by MIEX treatment. Considered the 
formulas in CHON group are DOM molecules that contain nitrogen, this finding is consistent 
with previous study (Boyer et al., 2008) reporting MIEX had preferential removal of DOC over 
dissolved organic nitrogen (DON). The foulant layer from the filtration of Raw water contained 
nine percentage points more CHON formulas and two percentage points less in CHO formulas, 
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compared to its corresponding feed water. Considered the presence of N in CHON group 
suggests the presence of amine functional groups in proteins and amino acids, this finding is 
consistent with Chapter 2 that the foulant layer was predominantly comprised of microbial 
protein-like DOM. Filtration of MIEX-treated water resulted in a foulant layer that contained 13 
percentage points more CHO formulas, and a relatively unchanged in percentage of CHON 
formulas, compared to its corresponding feed water. 
To visualize qualitatively differences between the water samples, FTICR MS data was 
plotted in van Krevelen diagrams (H/C vs O/C) with points colored based upon relative peak 
intensity (Figure B7a-B7f). The van Krevelen diagrams of H/C vs N/C ratio were also plotted in 
Figure B8a- B8f. The van Krevelen diagrams can be used to identify the types of compounds that 
comprise different types of DOM as peaks of families of similar compounds are clustered 
together in the same region. In previous studies (Kim, et al., 2003; Mann et al., 2015), the 
positions of classes of compounds – lipids, lignins, tannins, amino sugar, peptides and 
carbohydrates – have been reported. The positions of these classes are indicated in Figure B7a, 
and are applicable to all other van Krevelen diagrams in Figure B7. 
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Figure B7. van Krevelen diagrams of elemental H/C vs O/C ratios in (a) raw water (Raw-Feed), 
(b) MIEX-treated water (MEIX-Feed), (c) membrane permeate from the experiment performed 
using raw water (Raw-Per), (d) membrane permeate from the experiment performed using 
MIEX-treated water (MIEX-Per), (e) backwash water from the experiment performed using raw 
water (Raw-BW), and (f) backwash water from the experiment performed using MIEX-treated 
water (MIEX-BW).  
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Figure B8. van Krevelen diagram of elemental H/C vs N/C ratios of the distribution of DOM in 
(a) raw water (Raw-Feed), (b) MIEX-treated water (MEIX-Feed), (c) membrane permeate from 
the experiment perform using raw water (Raw-Per), (d) membrane permeate from the experiment 
perform using MIEX-treated water (MIEX-Per), (e) backwash water from the experiment 
perform using raw water (Raw-BW), and (f) backwash water from the experiment perform using 
MIEX-treated water (MIEX-BW). See the legend for the color scaling. 
Marked differences between the samples can be observed in the van Krevelen diagrams. For 
example, a comparison between Figure B6a and Figure B6b indicates that MIEX-treated water 
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had a shift in peak intensities toward a lower O/C ratio, which suggests the preferential removal 
by MIEX treatment of DOM containing oxygen. This result is consistent with the results in 
Figure B5b and also is expected. Due to its high electronegativity, oxygen forms polar bonds 
with hydrogen and carbon. As a consequence, oxygen-containing functional groups are more 
polar and have higher charge density (Schwarzenbach et al., 2003) and more amenable to 
removal by anion exchange. Thus this result from van Krevelen diagrams is consistent previous 
study (Boyer et al., 2008) reporting that MIEX resin had the greatest affinity for DOM with high 
charge density and the least affinity for DOM with low charge density. MIEX also removed a 
considerable amount of lignin and tannin, leading to a corresponding increase in relative 
abundance of the lipid, amino, sugar, and peptide fractions, which indicates preferential removal 
of aromatic molecules or humic substances over proteins as expected based on other results 
presented above and in Chapter 2.  
A comparison of the van Krevelen diagrams for permeate waters (Figures B7c and B7d) and 
their corresponding feed waters (Figures B7a and B7b, respectively) indicates that there was no 
major change in relative DOM composition. The observation of minimal changes in DOM 
composition at molecular level in the permeate waters compared to feed waters are consistent 
with the conclusion above (drawn from EEM results in Figure B4a) that the fluorescence 
signature of DOM in permeate waters did not significantly change compared to their 
corresponding feed waters. This finding also supports the results of previous study using FTICR 
MS (Cortés-Francisco et al., 2014) reporting no significant change in the nature of DOM at 
molecular level when the water was treated with a UF membrane. 
A comparison between the van Krevelen diagrams for the foulant layers (Figure B7e-B7f) 
and corresponding feed waters (Figure B7a-B7b) shows that the foulant layers had a relatively 
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higher presence of lipid, peptides and carbohydrates compared to the feed waters. This result is 
consistent with the previous finding from Chapter 2 and also with previous studies reporting that 
protein-like substances were the major cause of low pressure membrane fouling (Fan et al., 2008; 
Henderson et al., 2011; Lee et al., 2006; Yu et al., 2014). The presence of lignin and tannin in the 
foulant layers was similar to their pair of feed water. Overall, the higher content of lipid, peptides 
and carbohydrates in the foulant layers compared to that in their feed waters indicates that these 
molecules are the major foulants. This finding is consistent with previous findings from Chapter 
2 and also with previous studies reported that DOM fractions responsible for UF membrane 
fouling by surface water were polysaccharide-like DOM (Kimura et al., 2004) and protein-like 
DOM (Lee et al., 2006). 
Assigned formulas from FTICR mass spectra were classified into compound classes 
(condensed aromatics, aromatics, unsaturated-low O, unsaturated-high O, aliphatics and 
peptides) according to the data from van Krevelen diagrams and criteria stated in Table B1. The 
percentage of molecular formulas classified into each compound class for each of the six water 
samples analyzed are shown in Figure B9. 
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Figure B9. Bar chart depicting the percentages of molecular formulas assigned to each defined 
compound class as determined by FTICR MS for DOM samples isolated from Raw and MIEX-
treated feed, permeate and backwash samples. 
As depicted in Figure B9, MIEX treatment caused a decrease in percentages of formulas 
classified into the condensed aromatics (two percentage points decrease), aromatics (five 
percentage points decrease), and unsaturated high O (12 percentage points decrease) classes. The 
removal of compounds from these three classes resulted in a seven percentage points increase of 
formulas classified as unsaturated low O and no significant change in the percentage of peptides. 
As MIEX treatment did not add DOM into the treated water, the increase of compounds 
classified into the unsaturated low O class indicates that MIEX preferentially removed 
compounds from the other classes relative to those from the unsaturated low O class. This 
finding support the results from van Kraleven diagrams that MIEX preferential removed DOM 
containing oxygen due to higher charge density of oxygen. A comparison between the results in 
Figure B9 for permeate waters and their corresponding feed waters shows that membrane 
filtration caused a seven percentage points decrease in compounds classified as peptides for both 
Raw and MIEX-treated waters. This seven percentage points decrease of peptides was the 
greatest change caused by membrane filtration, which indicates that the UF membrane 
preferentially rejected peptides compared to other DOM classes. The changes in formulas 
classified into the condensed aromatics, aromatics, unsaturated-low O, unsaturated-high O and 
aliphatics classes by membrane filtration were minor. 
A comparison between the results in Figure B9 for backwash waters and their 
corresponding feed waters indicates that there was a 2-7 percentage point higher content of 
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condensed aromatic compounds and a 1-12 percentage point higher content of aromatic 
compounds in foulant layers compared to the corresponding feed waters. Backwash waters also 
contained 7-9 percentage point lower content of compounds classified as peptides compared to 
their feed water. 
B.3.4 Relating Fluorescence DOM and Molecular Formula Assignments 
Previously, Sleighter et al. (2014) reported that protein content as measured by EEM could 
be related to the percent of spectral magnitude attributed to the protein-like formulas as 
determined by FTICR MS, FI correlated with the number-averaged DBE/C values and H/C 
values, and SR correlated with the average mass to charge (m/z) values. Accordingly, I related 
fluorescence and absorbance characteristics of DOM (FI, SR, %protein-like fluorophores) to the 
molecular compositions of DOM that were resolved by FTICR MS (DBE/C, H/C, m/z, 
%peptide). The scatter plots for the relationships observed between EEM and FTICR MS 
analyses are shown in Figure B10a-B10d. The percentage of protein-like fluorophores was 
calculated as the intensity of peak T divided by the total intensity of peak A, C and T combined. 
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Figure B10. Correlation between EEM results (FI, SR, %Protein-like fluorophores) and 
FTICR MS results (DBE/C, H/C, m/z, %Peptide). (a) Fuorescence index (FI) as a function of the 
number-averaged DBE/C (double bond equivalents normalized to carbon) values. (b) FI as a 
function of H/C values. (c) Slope ratio (SR) as a function of the average m/z values. (d) 
Percentage of protein-like fluorophores as a function of the percent of spectral magnitude 
attributed to compounds classified as peptides (O/C <0.9, H/C 1.5–2.0, N > 0) (%Protein). 
Generally, FI increased as DBE/C increased (p=0.228, R2=0.35, Figure B10a) and FI 
decreased as H/C increased (p=0.191, R2=0.38, Figure B10b). Even though the correlations were 
not significant due to the small number of samples analyzed (six samples from one water 
source), the observed changes of FI as a function of DBE/C and H/C could still be visually 
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observed. FI, DBE/C, and H/C are each proxies for the aromatic C content of DOM. Greater FI 
values indicate DOM of a more microbial character (Diane M McKnight et al., 2001) and high 
DBE/C ratios indicate high density of double bonds and more aromatic DOM structures 
(Sleighter and Hatcher, 2007). Also, low H/C can be associated with unsaturation and C=C 
double bonds of aromatic molecules (Koch and Dittmar, 2006). Thus, the positive correlation 
between FI and DBE/C and negative correlation between FI and H/C suggest that microbial 
DOM is associated with more aromatic structure of DOM. This finding supports previous studies 
(Shao et al., 2014; F. C. Wu et. al, 2003) reporting that peak T exhibited both strong 
hydrophobicity and larger molecular size character. 
Figure B10c shows an inverse relationship between SR and the average mass to charge (m/z) 
ratio (p=0.077, R2=0.58). In general, all compounds in DOM mass spectra are assumed single 
charged and so all m/z values are equivalent to molecular weight of DOM (Kujawinski and Behn, 
2006), and therefore the average m/z ratio represents the average mass of DOM in the sample. 
Accordingly, the decreasing SR observed in Figure B10c with increasing m/z indicates a 
decreasing SR with average average molecular mass of DOM. This inverse linear relationship 
between SR and average molecular mass agrees well with previous studies that indicated that SR 
was inversely correlated to the average molecular weight of DOM (Helms et al., 2008; 
Kowalczuk et al., 2009). 
Overall, the correlation trends observed in Figures B10a-B10c between EEM results and 
FTICR MS results are consistent with those reported by Sleighter et al. (2014): FI increased as 
DBE/C increased, FI decreased as H/C increased, and SR decreased as m/z increased. However, 
the p-values for my data (0.077 < p < 0.228) were relatively high, which indicating relatively low 
confidence levels of 77-92%. I attribute the relatively low statistical significance of the observed 
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correlations to the small number of samples analyzed (six samples) and low variety of source 
waters tested (one source water). 
I related the fraction of tryptophan-like DOM (peak T) to the percentage spectral magnitude 
attributed to the protein-like formulas (O/C <0.9, H/C 1.5–2.0, N > 0) (Spencer et al., 2014). As 
seen in Figure B10d, a significant correlation was not observed (p=0.610 R2=0.07), even though 
it was expected. A potential explanation to this lack of correlation is having used the peak 
picking method for the analysis of the EEM data. While I picked the peaks for major 
fluorophores (peaks A, C, and T), more fluorophores other than these three, e.g. tyrosine-like 
DOM, could have been present in the samples. The calculation of percentage of protein-like 
fluorophores as the intensity of peak T divided by the total intensity of peaks A, C and T 
combined relied on the assumption that there were only three fluorophores (one protein-like and 
two humic-like) in the sample. Therefore, the calculated percentage of protein-like fluorescence 
DOM may not have represented well the true protein content of the sample if the sample 
contained more fluorophores other than these three. Additionally, more than one group of 
fluorophores can have emission wavelengths that overlap in the same region (J. Chen et al., 
2003).  
B.4 Conclusions 
In this chapter, I showed that data from EEM analyses and molecular formulas determined 
by FTICR MS analyses agreed well and indicated that MIEX resin had preferential removal of 
aromatic molecules or humic substances and oxygen-enriched molecules over proteins, and that 
DOM fractions responsible for the fouling of UF membranes by surface water were biopolymers, 
i.e., polysaccharide-like and protein-like DOM. This result is consistent with the previous finding 
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from Chapter 2 and also with previous studies reporting that protein-like substances were the 
major cause of low pressure membrane fouling. The characterization of DOM by UV-vis and 
EEM spectrometry analyses (SR and FI) were correlated to molecular data of DOM by FTICR 
MS (DBE/C, H/C, and m/z). Specifically, FI correlated with DBE/C and H/C via direct and 
inverse, respectively, linear correlations, and SR correlated well with m/z via an inverse linear 
correlation. The ‘peak picking’ technique was inadequate to analyze EEM data in order to relate 
it to molecular data from FTICR MS. A more advanced data analysis technique is needed in 
order to relate fractions of protein-like fluorescence DOM to the percentage spectral magnitude 
attributed to the protein-like formulas. 
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APPENDIX C: SUPPORTING METERIALS FOR CHAPTER 3 
 
Table C1. Average and standard deviation of initial permeate water flux and permeate water flux 
recovery by hydraulic backwashing and chemical cleaning. Standard deviations correspond to 
the variation among seven filtration experiments (Raw, MIEX, Al-Coag, Fe-Coag, PAC, NaOCl, 
and Dilution). 
Water Sources 
Initial permeate 
water flux       
(cm3/cm2/hr) 
Permeate water 
flux recovery by 
backwashing (%) 
Permeate flux 
recovery by chemical 
cleaning (%) 
SR: Suwanee 
River  
8.82±0.37 96.1±2.35 99.6±3.30 
PL: Pony Lake  9.58±0.45 93.3±2.18 98.9±3.27 
UL: University 
Lake 
8.34±0.14 98.1±1.60 102±4.22 
PB: West Palm 
Beach  
9.42±0.20 94.6±2.19 99.7±3.01 
MS: Muscle 
Shoals  
9.89±0.21 94.1±2.03 99.2±4.29 
WR: White River  9.36±0.35 97.3±3.64 101±4.40 
MF: Mason Farm  8.76±0.26 95.1±3.83 100±3.79 
CH: Castle Hayne  9.61±0.26 96.9±4.00 100±4.31 
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Figure C1. Percentage DOC removal from eight water sources using (a) MIEX, (b) Alum 
coagulation, (c) FeCl3 coagulation, and (d) PAC pretreatments.  
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Figure C2. (a) Illustrative normalized flux decline as a function of time for SR water, including 
Raw and pretreated (MIEX, PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution). (b) Illustrative fit of 
experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for SR Raw (R2=0.61), MIEX 
(R2=0.80), PAC (R2=0.79), Al-Coag (R2=0.97), Fe-Coag (R2=0.78), NaOCl (R2=0.49), and 
Diluted (R2=0.49) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI, m2/m3). 
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Figure C3. (a) Illustrative normalized flux decline as a function of time for PL water, including 
Raw and pretreated (MIEX, PAC, NaOCl, and Dilution). (b) Illustrative fit of experimental 
results for Jo/Jt	 as a function of VS to Equation 2.1 for PL Raw (R2=0.42), MIEX (R2=0.62), PAC 
(R2=0.49), NaOCl (R2=0.69), and Diluted (R2=0.58) waters, where the slope of the linear 
regression corresponds to the unified membrane fouling index (UMFI, m2/m3). 
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Figure C4. (a) Illustrative normalized flux decline as a function of time for UL water, including 
Raw and pretreated (MIEX, PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution). (b) Illustrative fit of 
experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for UL Raw (R2=0.97), MIEX 
(R2=0.98), PAC (R2=0.98), Al-Coag (R2=0.99), Fe-Coag (R2=0.84), NaOCl (R2=0.97), and 
Diluted (R2=0.99) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI, m2/m3). 
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Figure C5. (a) Illustrative normalized flux decline as a function of time for PB water, including 
Raw and pretreated (MIEX, PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution). (b) Illustrative fit of 
experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for UL Raw (R2=0.97), MIEX 
(R2=0.98), PAC (R2=0.98), Al-Coag (R2=0.99), Fe-Coag (R2=0.84), NaOCl (R2=0.97), and 
Diluted (R2=0.99) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI, m2/m3). 
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Figure C6. (a) Illustrative normalized flux decline as a function of time for MS water, including 
Raw and pretreated (MIEX, PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution). (b) Illustrative fit of 
experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for MS Raw (R2=0.99), MIEX 
(R2=0.91), PAC (R2=0.98), Al-Coag (R2=0.92), Fe-Coag (R2=0.90), NaOCl (R2=0.98), and 
Diluted (R2=0.99) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI, m2/m3). 
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Figure C7. (a) Illustrative normalized flux decline as a function of time for WR water, including 
Raw and pretreated (MIEX, PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution). (b) Illustrative fit of 
experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for WR Raw (R2=0.92), MIEX 
(R2=0.97), PAC (R2=0.98), Al-Coag (R2=0.94), Fe-Coag (R2=0.99), NaOCl (R2=0.99), and 
Diluted (R2=0.98) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI, m2/m3). 
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Figure C8. (a) Illustrative normalized flux decline as a function of time for MF water, including 
Raw and pretreated (MIEX, PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution). (b) Illustrative fit of 
experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for MF Raw (R2=0.92), MIEX 
(R2=0.97), PAC (R2=0.98), Al-Coag (R2=0.94), Fe-Coag (R2=0.99), NaOCl (R2=0.99), and 
Diluted (R2=0.98) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI, m2/m3). 
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Figure C9. Removal of UVA254 from source waters by MIEX, PAC, Al-Coag, Fe-Coag, NaOCl 
pretreatments and Dilution. (a) Percentage UVA254 removal from each source water; the initial 
UVA254 (cm-1) content for each source water is indicated in parentheses next to the source water 
label on the x-axis. (b) Box-and-whisker plots for each pretreatment process displaying the 
statistical distribution of percentage UVA254 removal across the eight water sources (SR, PL, UL, 
PB, MS, WR, MF, CH). The distinct data points correspond to outliers SR and PL model waters. 
(c) Percentage UMFI reduction as a function of UVA254 removal by MIEX, PAC, Al-Coag, Fe-
Coag, NaOCl pretreatments and Dilution. The results presented for each combination of water 
source and pretreatment process correspond to the average of three replicate tests. 
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Figure C10. Percent DOC rejection by UF membrane filtration of Raw and pretreated (MIEX, 
PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution) samples of six water sources, including water 
from lakes (UL and PB), rivers (MS and WR), secondary effluent (MF). For each combination of 
source water and pretreatment process, the percent DOC rejection values and error bars shown 
correspond to the average and standard deviation, respectively, of results obtained from three 
replicate samples. 
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Figure C11. Percent UMFI reduction by MIEX, PAC, Al-Coag, Fe-Coag, NaOCl pretreatments 
and Dilution as a function of percent reduction of fluorescence intensity of (a) terrestrial fulvic-
like DOM (peak A) and (b) terrestrial humic-like DOM (peak C) in foulant layers. The data 
includes those for surface waters (UL, PB, MS, WR) and treated secondary effluent (MF).  
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APPENDIX D: PARAFAC MODELING 
 
 
Figure D1. Initial 5-component model fitting for PARAFAC Model No. 1 using 601 EEM 
samples of feed, permeate and concentrate waters after outliers have been removed. (a) Scores of 
five components and their leverage plot, (b) emission loadings of five components and the 
leverage plot as a function of emission wavelength, and (c) excitation loadings of five 
components and the leverage plot as a function of excitation wavelength. 
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Figure D2. Initial 2-component model fitting for PARAFAC Model No. 2 using 151 EEM 
samples of backwash waters after outliers have been removed. (a) Scores of two components and 
their leverage plot, (b) emission loadings of two components and the leverage plot as a function 
of emission wavelength, and (c) excitation loadings of two components and the leverage plot as a 
function of excitation wavelength. 
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Figure D3. (a) Illustrative normalized flux decline as a function of time for CH water, including 
Raw and pretreated (MIEX, PAC, Al-Coag, Fe-Coag, NaOCl, and Dilution). (b) Illustrative fit of 
experimental results for Jo/Jt	 as a function of VS to Equation 2.1 for CH Raw (R2=0.40), MIEX 
(R2=0.90), PAC (R2=0.76), Al-Coag (R2=0.80), Fe-Coag (R2=0.89), NaOCl (R2=0.56), and 
Diluted (R2=0.87) waters, where the slope of the linear regression corresponds to the unified 
membrane fouling index (UMFI, m2/m3). 
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Figure D4. Excitation (left) and emission (right) spectra of PARAFAC components (a) C1, (b) 
C2, (c) C3, (d) C4, (e) C5, (f) C6, and (g) C7 compared with previously identified components in 
the OpenFluor database. The lines have high degree of overlap, with the minimum spectral 
similarity score of 0.95, thus the seven components determine in PARAFAC Model No. 1 and 
No. 2 can be interpreted as similar to previously identified components in the OpenFluor 
database. 
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Table D1. Standard deviation of Fmax between duplicate or replicate EEMs (in RU and in 
percentage) of five components identified from PARAFAC Model No. 1. 
Standard Deviation C1 C2 C3 C4 C5 
Minimum (RU) 0.000 0.000 0.000 0.000 0.000 
Maximum (RU) 0.104 0.031 0.028 0.012 0.027 
Average (RU) 0.017 0.007 0.006 0.002 0.004 
Minimum (%) 0.03 0.05 0.00 0.01 0.02 
Maximum (%) 8.34 7.01 5.59 6.53 8.65 
Average (%) 3.02 1.52 1.34 1.09 2.19 
 
Table D2. Standard deviation of Fmax between duplicate or replicate EEMs (in RU and in 
percentage) of two components identified from PARAFAC Model No. 2. 
Standard Deviation C6 C7 
 Minimum (RU) 0.000 0.000 
 Maximum (RU) 0.016 0.032 
 Average (RU) 0.004 0.007 
 Minimum (%) 0.06 0.30 
 Maximum (%) 3.65 7.36 
 Average (%) 1.43 2.85 
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Table D3. The relative intensity of excitation spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the 
complete data set of 601 EEMs. 
Ex (nm) C1  C2 C3 C4 C5 
250 0.521 0.397 0.342 0.258 0.337 
255 0.444 0.345 0.242 0.238 0.283 
260 0.383 0.297 0.168 0.248 0.272 
265 0.323 0.248 0.115 0.257 0.282 
270 0.269 0.204 0.094 0.265 0.305 
275 0.221 0.163 0.095 0.262 0.319 
280 0.184 0.129 0.116 0.254 0.326 
285 0.161 0.103 0.143 0.239 0.311 
290 0.147 0.085 0.167 0.217 0.283 
295 0.135 0.074 0.191 0.195 0.240 
300 0.123 0.071 0.209 0.174 0.198 
305 0.113 0.075 0.226 0.161 0.166 
310 0.104 0.086 0.245 0.155 0.140 
315 0.093 0.102 0.260 0.152 0.119 
320 0.078 0.120 0.264 0.149 0.102 
325 0.057 0.134 0.264 0.145 0.065 
330 0.040 0.148 0.255 0.140 0.040 
335 0.028 0.166 0.244 0.137 0.024 
340 0.019 0.182 0.228 0.134 0.014 
345 0.011 0.192 0.206 0.131 0.003 
350 0.005 0.200 0.184 0.130 0.000 
355 0.000 0.205 0.159 0.130 0.000 
360 0.000 0.203 0.124 0.124 0.000 
365 0.000 0.194 0.088 0.115 0.000 
370 0.000 0.176 0.055 0.104 0.000 
375 0.000 0.159 0.030 0.097 0.000 
380 0.000 0.144 0.011 0.095 0.000 
385 0.000 0.128 0.000 0.097 0.002 
390 0.000 0.110 0.000 0.102 0.000 
395 0.000 0.091 0.000 0.104 0.000 
400 0.000 0.071 0.000 0.101 0.000 
405 0.000 0.054 0.000 0.098 0.000 
410 0.000 0.040 0.000 0.093 0.000 
415 0.000 0.027 0.000 0.087 0.000 
420 0.000 0.017 0.000 0.083 0.000 
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Table D3 (continued). The relative intensity of excitation spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the complete data set of 601 EEMs. 
Ex (nm) C1  C2 C3 C4 C5 
425 0.000 0.006 0.000 0.079 0.000 
430 0.000 0.000 0.000 0.071 0.000 
435 0.000 0.000 0.000 0.059 0.000 
440 0.000 0.000 0.000 0.045 0.000 
445 0.000 0.000 0.000 0.035 0.000 
450 0.000 0.000 0.000 0.030 0.000 
 
 
 
  
	 228 
Table D4. The relative intensity of emission spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the 
complete data set of 601 EEMs. 
Em (nm) C1  C2 C3 C4 C5 
320 0.004 0.000 0.000 0.000 0.146 
324 0.005 0.000 0.000 0.000 0.172 
328 0.007 0.000 0.000 0.000 0.186 
332 0.009 0.000 0.000 0.000 0.197 
336 0.012 0.001 0.000 0.000 0.217 
340 0.017 0.000 0.005 0.000 0.232 
344 0.022 0.000 0.009 0.000 0.242 
348 0.028 0.000 0.022 0.000 0.248 
352 0.034 0.000 0.042 0.000 0.254 
356 0.041 0.000 0.063 0.000 0.244 
360 0.050 0.000 0.083 0.000 0.230 
364 0.060 0.000 0.098 0.000 0.224 
368 0.070 0.000 0.117 0.000 0.211 
372 0.082 0.000 0.135 0.000 0.206 
376 0.094 0.000 0.150 0.000 0.199 
380 0.112 0.000 0.173 0.000 0.197 
384 0.123 0.000 0.188 0.000 0.182 
388 0.138 0.000 0.208 0.000 0.174 
392 0.151 0.008 0.224 0.000 0.165 
396 0.160 0.022 0.234 0.000 0.154 
400 0.172 0.040 0.247 0.000 0.148 
404 0.181 0.058 0.256 0.000 0.141 
408 0.187 0.079 0.256 0.008 0.129 
412 0.194 0.099 0.256 0.018 0.118 
416 0.196 0.118 0.249 0.029 0.105 
420 0.198 0.137 0.241 0.040 0.095 
424 0.198 0.155 0.233 0.051 0.088 
428 0.197 0.170 0.221 0.062 0.082 
432 0.196 0.185 0.208 0.072 0.076 
436 0.195 0.196 0.194 0.082 0.070 
440 0.191 0.207 0.179 0.092 0.065 
444 0.188 0.215 0.162 0.102 0.060 
448 0.184 0.223 0.147 0.114 0.058 
452 0.182 0.229 0.133 0.124 0.055 
456 0.176 0.230 0.117 0.133 0.053 
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Table D4 (continued). The relative intensity of emission spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the complete data set of 601 EEMs. 
Em (nm) C1  C2 C3 C4 C5 
460 0.174 0.233 0.103 0.143 0.050 
464 0.169 0.231 0.089 0.154 0.047 
468 0.166 0.230 0.077 0.165 0.044 
472 0.160 0.223 0.064 0.171 0.041 
476 0.158 0.219 0.054 0.181 0.037 
480 0.151 0.209 0.043 0.189 0.034 
484 0.147 0.199 0.035 0.197 0.028 
488 0.142 0.190 0.027 0.203 0.024 
492 0.136 0.178 0.020 0.209 0.019 
496 0.129 0.167 0.014 0.212 0.017 
500 0.124 0.158 0.008 0.215 0.014 
504 0.117 0.147 0.004 0.218 0.012 
508 0.112 0.137 0.000 0.220 0.009 
512 0.104 0.125 0.000 0.220 0.007 
516 0.098 0.114 0.000 0.219 0.004 
520 0.092 0.103 0.000 0.216 0.001 
524 0.083 0.093 0.000 0.216 0.001 
528 0.077 0.083 0.000 0.212 0.000 
532 0.067 0.073 0.000 0.209 0.000 
536 0.062 0.066 0.000 0.206 0.000 
540 0.056 0.059 0.000 0.200 0.000 
544 0.049 0.052 0.000 0.195 0.000 
548 0.044 0.046 0.000 0.189 0.000 
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Table D5. The relative intensity of excitation spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 1 (150 EEMs) from split-half analysis. 
Ex (nm) C1  C2 C3 C4 C5 
250 0.522 0.396 0.341 0.264 0.337 
255 0.444 0.345 0.241 0.243 0.284 
260 0.383 0.297 0.167 0.251 0.273 
265 0.323 0.248 0.114 0.258 0.283 
270 0.269 0.203 0.093 0.265 0.306 
275 0.221 0.162 0.094 0.260 0.320 
280 0.184 0.128 0.115 0.252 0.326 
285 0.161 0.101 0.143 0.237 0.310 
290 0.147 0.084 0.167 0.216 0.282 
295 0.135 0.073 0.190 0.194 0.239 
300 0.123 0.069 0.208 0.173 0.197 
305 0.113 0.074 0.226 0.160 0.165 
310 0.103 0.084 0.245 0.154 0.139 
315 0.092 0.101 0.261 0.152 0.118 
320 0.077 0.119 0.265 0.149 0.101 
325 0.056 0.132 0.265 0.145 0.064 
330 0.039 0.148 0.256 0.141 0.039 
335 0.027 0.165 0.245 0.137 0.024 
340 0.018 0.182 0.228 0.134 0.014 
345 0.010 0.193 0.207 0.131 0.003 
350 0.004 0.201 0.185 0.131 0.000 
355 0.000 0.206 0.158 0.129 0.000 
360 0.000 0.204 0.124 0.123 0.000 
365 0.000 0.196 0.088 0.114 0.000 
370 0.000 0.177 0.055 0.103 0.000 
375 0.000 0.160 0.029 0.096 0.000 
380 0.000 0.146 0.011 0.094 0.000 
385 0.000 0.129 0.000 0.095 0.002 
390 0.000 0.111 0.000 0.100 0.000 
395 0.000 0.092 0.000 0.102 0.000 
400 0.000 0.072 0.000 0.099 0.000 
405 0.000 0.054 0.000 0.096 0.000 
410 0.000 0.041 0.000 0.091 0.000 
415 0.000 0.027 0.000 0.085 0.000 
420 0.000 0.017 0.000 0.081 0.000 
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Table D5 (continued). The relative intensity of excitation spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 1 (150 EEMs) from split-half analysis.  
Ex (nm) C1  C2 C3 C4 C5 
425 0.000 0.006 0.000 0.077 0.000 
430 0.000 0.000 0.000 0.070 0.000 
435 0.000 0.000 0.000 0.057 0.000 
440 0.000 0.000 0.000 0.044 0.000 
445 0.000 0.000 0.000 0.034 0.000 
450 0.000 0.000 0.000 0.029 0.000 
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Table D6. The relative intensity of emission spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 1 (150 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
320 0.004 0.000 0.000 0.000 0.148 
324 0.005 0.000 0.000 0.000 0.173 
328 0.007 0.000 0.000 0.000 0.186 
332 0.009 0.000 0.000 0.000 0.196 
336 0.012 0.000 0.000 0.001 0.217 
340 0.017 0.000 0.005 0.000 0.231 
344 0.022 0.000 0.010 0.000 0.240 
348 0.028 0.000 0.023 0.000 0.247 
352 0.034 0.000 0.042 0.000 0.253 
356 0.042 0.000 0.064 0.000 0.242 
360 0.050 0.000 0.084 0.000 0.230 
364 0.061 0.000 0.099 0.000 0.223 
368 0.071 0.000 0.117 0.000 0.211 
372 0.082 0.000 0.135 0.000 0.205 
376 0.094 0.000 0.150 0.000 0.199 
380 0.112 0.000 0.172 0.000 0.197 
384 0.123 0.000 0.187 0.000 0.181 
388 0.139 0.000 0.208 0.000 0.175 
392 0.152 0.009 0.223 0.000 0.165 
396 0.161 0.023 0.233 0.000 0.155 
400 0.173 0.041 0.247 0.000 0.149 
404 0.182 0.060 0.255 0.000 0.142 
408 0.188 0.080 0.256 0.008 0.130 
412 0.195 0.100 0.256 0.019 0.119 
416 0.197 0.119 0.249 0.030 0.106 
420 0.198 0.137 0.241 0.041 0.096 
424 0.200 0.156 0.233 0.052 0.088 
428 0.197 0.171 0.221 0.063 0.083 
432 0.197 0.186 0.208 0.073 0.078 
436 0.196 0.197 0.195 0.083 0.071 
440 0.191 0.207 0.179 0.094 0.067 
444 0.188 0.216 0.163 0.103 0.061 
448 0.184 0.224 0.148 0.115 0.059 
452 0.183 0.229 0.134 0.126 0.055 
456 0.176 0.231 0.118 0.133 0.054 
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Table D6 (continued). The relative intensity of emission spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 1 (150 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
460 0.174 0.232 0.104 0.144 0.050 
464 0.169 0.231 0.090 0.155 0.048 
468 0.166 0.229 0.078 0.166 0.044 
472 0.160 0.222 0.065 0.171 0.042 
476 0.157 0.219 0.055 0.181 0.037 
480 0.151 0.209 0.044 0.189 0.034 
484 0.146 0.199 0.035 0.197 0.028 
488 0.141 0.190 0.028 0.203 0.025 
492 0.135 0.178 0.021 0.208 0.020 
496 0.128 0.167 0.014 0.211 0.017 
500 0.123 0.157 0.009 0.215 0.014 
504 0.116 0.146 0.005 0.218 0.012 
508 0.111 0.137 0.001 0.220 0.010 
512 0.103 0.125 0.000 0.219 0.008 
516 0.097 0.114 0.000 0.219 0.005 
520 0.091 0.103 0.000 0.215 0.002 
524 0.082 0.092 0.000 0.216 0.001 
528 0.076 0.082 0.000 0.211 0.000 
532 0.065 0.073 0.000 0.208 0.000 
536 0.060 0.065 0.000 0.205 0.000 
540 0.055 0.058 0.000 0.199 0.000 
544 0.047 0.051 0.000 0.194 0.000 
548 0.043 0.045 0.000 0.188 0.000 
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Table D7. The relative intensity of excitation spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 2 (150 EEMs) from split-half analysis. 
Ex (nm) C1  C2 C3 C4 C5 
250 0.521 0.398 0.343 0.252 0.338 
255 0.445 0.345 0.243 0.233 0.282 
260 0.383 0.297 0.169 0.245 0.271 
265 0.322 0.248 0.116 0.255 0.281 
270 0.268 0.205 0.095 0.265 0.304 
275 0.220 0.164 0.096 0.262 0.318 
280 0.184 0.129 0.117 0.255 0.325 
285 0.161 0.104 0.144 0.240 0.311 
290 0.147 0.086 0.168 0.219 0.283 
295 0.135 0.075 0.191 0.196 0.241 
300 0.123 0.072 0.209 0.175 0.199 
305 0.114 0.076 0.226 0.161 0.167 
310 0.104 0.087 0.244 0.154 0.141 
315 0.094 0.103 0.259 0.152 0.120 
320 0.079 0.121 0.263 0.148 0.103 
325 0.059 0.134 0.263 0.145 0.066 
330 0.042 0.149 0.254 0.140 0.040 
335 0.029 0.166 0.243 0.137 0.025 
340 0.020 0.182 0.227 0.134 0.014 
345 0.013 0.192 0.205 0.131 0.003 
350 0.006 0.200 0.184 0.131 0.000 
355 0.001 0.204 0.158 0.130 0.000 
360 0.000 0.202 0.125 0.125 0.000 
365 0.000 0.193 0.089 0.116 0.000 
370 0.000 0.175 0.056 0.105 0.000 
375 0.000 0.157 0.030 0.098 0.000 
380 0.000 0.143 0.011 0.096 0.000 
385 0.000 0.127 0.000 0.098 0.002 
390 0.000 0.109 0.000 0.104 0.001 
395 0.000 0.090 0.000 0.106 0.000 
400 0.000 0.070 0.000 0.103 0.000 
405 0.000 0.053 0.000 0.100 0.000 
410 0.000 0.040 0.000 0.094 0.000 
415 0.000 0.027 0.000 0.089 0.000 
420 0.000 0.017 0.000 0.085 0.000 
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Table D7 (continued). The relative intensity of excitation spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 2 (150 EEMs) from split-half analysis. 
Ex (nm) C1  C2 C3 C4 C5 
425 0.000 0.006 0.000 0.080 0.000 
430 0.000 0.000 0.000 0.073 0.000 
435 0.000 0.000 0.000 0.060 0.000 
440 0.000 0.000 0.000 0.046 0.000 
445 0.000 0.000 0.000 0.036 0.000 
450 0.000 0.000 0.000 0.031 0.000 
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Table D8. The relative intensity of emission spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 2 (150 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
320 0.004 0.000 0.000 0.000 0.145 
324 0.005 0.000 0.000 0.000 0.170 
328 0.007 0.000 0.000 0.000 0.186 
332 0.009 0.000 0.000 0.000 0.197 
336 0.012 0.001 0.000 0.000 0.218 
340 0.017 0.000 0.004 0.000 0.234 
344 0.021 0.000 0.009 0.000 0.243 
348 0.027 0.000 0.022 0.000 0.250 
352 0.034 0.000 0.042 0.000 0.256 
356 0.040 0.000 0.063 0.000 0.245 
360 0.050 0.000 0.083 0.000 0.231 
364 0.059 0.000 0.098 0.000 0.226 
368 0.070 0.000 0.117 0.000 0.212 
372 0.082 0.000 0.135 0.000 0.206 
376 0.094 0.000 0.150 0.000 0.198 
380 0.111 0.000 0.173 0.000 0.196 
384 0.122 0.000 0.188 0.000 0.182 
388 0.138 0.000 0.209 0.000 0.174 
392 0.150 0.007 0.224 0.000 0.164 
396 0.159 0.022 0.234 0.000 0.153 
400 0.172 0.039 0.248 0.000 0.147 
404 0.181 0.057 0.257 0.000 0.140 
408 0.186 0.078 0.257 0.009 0.127 
412 0.194 0.098 0.257 0.018 0.116 
416 0.195 0.117 0.249 0.029 0.104 
420 0.197 0.136 0.241 0.040 0.094 
424 0.197 0.155 0.233 0.051 0.088 
428 0.196 0.170 0.220 0.062 0.080 
432 0.196 0.184 0.208 0.072 0.074 
436 0.194 0.196 0.194 0.082 0.068 
440 0.191 0.207 0.178 0.090 0.064 
444 0.188 0.214 0.162 0.101 0.059 
448 0.184 0.222 0.147 0.114 0.056 
452 0.182 0.230 0.132 0.123 0.055 
456 0.175 0.230 0.116 0.133 0.053 
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Table D8 (continued). The relative intensity of emission spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 2 (150 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
460 0.173 0.233 0.102 0.143 0.050 
464 0.170 0.231 0.088 0.153 0.046 
468 0.166 0.231 0.076 0.164 0.044 
472 0.161 0.223 0.063 0.170 0.041 
476 0.158 0.219 0.053 0.181 0.037 
480 0.152 0.209 0.043 0.188 0.034 
484 0.148 0.200 0.034 0.197 0.027 
488 0.143 0.191 0.026 0.203 0.024 
492 0.136 0.178 0.019 0.209 0.019 
496 0.130 0.168 0.013 0.212 0.016 
500 0.125 0.158 0.008 0.216 0.014 
504 0.119 0.148 0.004 0.218 0.012 
508 0.113 0.138 0.000 0.220 0.009 
512 0.106 0.126 0.000 0.220 0.007 
516 0.100 0.115 0.000 0.219 0.004 
520 0.094 0.104 0.000 0.216 0.001 
524 0.085 0.093 0.000 0.216 0.000 
528 0.078 0.084 0.000 0.212 0.000 
532 0.068 0.074 0.000 0.210 0.000 
536 0.063 0.067 0.000 0.206 0.000 
540 0.058 0.060 0.000 0.200 0.000 
544 0.050 0.053 0.000 0.195 0.000 
548 0.046 0.047 0.000 0.189 0.000 
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Table D9. The relative intensity of excitation spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 3 (150 EEMs) from split-half analysis. 
Ex (nm) C1  C2 C3 C4 C5 
250 0.521 0.399 0.341 0.252 0.337 
255 0.445 0.346 0.240 0.233 0.283 
260 0.383 0.297 0.167 0.247 0.273 
265 0.322 0.247 0.114 0.257 0.282 
270 0.268 0.203 0.093 0.267 0.305 
275 0.221 0.162 0.094 0.263 0.320 
280 0.184 0.128 0.115 0.256 0.326 
285 0.161 0.103 0.142 0.240 0.311 
290 0.147 0.085 0.167 0.219 0.283 
295 0.136 0.075 0.190 0.196 0.241 
300 0.124 0.071 0.208 0.175 0.198 
305 0.114 0.076 0.226 0.161 0.166 
310 0.105 0.086 0.245 0.155 0.140 
315 0.093 0.103 0.260 0.152 0.118 
320 0.078 0.120 0.264 0.148 0.101 
325 0.058 0.134 0.265 0.145 0.064 
330 0.041 0.148 0.256 0.139 0.039 
335 0.028 0.166 0.245 0.136 0.023 
340 0.019 0.182 0.228 0.133 0.014 
345 0.012 0.192 0.207 0.130 0.003 
350 0.005 0.200 0.185 0.130 0.000 
355 0.000 0.205 0.160 0.129 0.000 
360 0.000 0.203 0.125 0.124 0.000 
365 0.000 0.194 0.089 0.115 0.000 
370 0.000 0.175 0.056 0.104 0.000 
375 0.000 0.158 0.030 0.097 0.000 
380 0.000 0.144 0.011 0.095 0.000 
385 0.000 0.128 0.000 0.097 0.002 
390 0.000 0.109 0.000 0.103 0.000 
395 0.000 0.091 0.000 0.105 0.000 
400 0.000 0.071 0.000 0.102 0.000 
405 0.000 0.054 0.000 0.099 0.000 
410 0.000 0.040 0.000 0.094 0.000 
415 0.000 0.027 0.000 0.088 0.000 
420 0.000 0.017 0.000 0.084 0.000 
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Table D9 (continued). The relative intensity of excitation spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 3 (150 EEMs) from split-half analysis. 
Ex (nm) C1  C2 C3 C4 C5 
425 0.000 0.006 0.000 0.080 0.000 
430 0.000 0.000 0.000 0.072 0.000 
435 0.000 0.000 0.000 0.060 0.000 
440 0.000 0.000 0.000 0.046 0.000 
445 0.000 0.000 0.000 0.035 0.000 
450 0.000 0.000 0.000 0.031 0.000 
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Table D10. The relative intensity of emission spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 3 (150 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
320 0.004 0.000 0.000 0.000 0.146 
324 0.005 0.000 0.000 0.000 0.171 
328 0.006 0.000 0.000 0.000 0.186 
332 0.009 0.000 0.000 0.000 0.196 
336 0.012 0.000 0.000 0.000 0.216 
340 0.017 0.000 0.005 0.000 0.231 
344 0.022 0.000 0.009 0.000 0.240 
348 0.028 0.000 0.022 0.000 0.247 
352 0.034 0.000 0.042 0.000 0.253 
356 0.041 0.000 0.063 0.000 0.243 
360 0.050 0.000 0.084 0.000 0.229 
364 0.060 0.000 0.099 0.000 0.223 
368 0.070 0.000 0.117 0.000 0.211 
372 0.082 0.000 0.135 0.000 0.205 
376 0.094 0.000 0.151 0.000 0.198 
380 0.112 0.000 0.173 0.000 0.197 
384 0.123 0.000 0.188 0.000 0.181 
388 0.138 0.000 0.209 0.000 0.175 
392 0.151 0.008 0.224 0.000 0.166 
396 0.161 0.021 0.234 0.000 0.154 
400 0.173 0.040 0.247 0.000 0.149 
404 0.182 0.057 0.256 0.000 0.142 
408 0.187 0.079 0.256 0.009 0.130 
412 0.195 0.099 0.256 0.017 0.119 
416 0.196 0.117 0.249 0.029 0.107 
420 0.198 0.136 0.241 0.040 0.097 
424 0.198 0.154 0.233 0.051 0.090 
428 0.197 0.169 0.221 0.062 0.083 
432 0.196 0.183 0.208 0.073 0.078 
436 0.195 0.196 0.194 0.082 0.072 
440 0.191 0.207 0.178 0.091 0.067 
444 0.188 0.214 0.162 0.101 0.061 
448 0.184 0.223 0.147 0.113 0.060 
452 0.182 0.229 0.133 0.124 0.057 
456 0.176 0.230 0.116 0.132 0.055 
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Table D10 (continued). The relative intensity of emission spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 3 (150 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
460 0.173 0.232 0.103 0.143 0.051 
464 0.170 0.231 0.089 0.153 0.048 
468 0.166 0.229 0.076 0.164 0.046 
472 0.161 0.223 0.064 0.170 0.042 
476 0.158 0.219 0.053 0.180 0.038 
480 0.152 0.210 0.043 0.187 0.035 
484 0.147 0.200 0.034 0.196 0.028 
488 0.142 0.191 0.027 0.202 0.024 
492 0.136 0.179 0.020 0.208 0.020 
496 0.129 0.168 0.013 0.212 0.017 
500 0.124 0.159 0.008 0.215 0.014 
504 0.117 0.148 0.004 0.218 0.012 
508 0.112 0.138 0.000 0.221 0.009 
512 0.104 0.126 0.000 0.220 0.007 
516 0.098 0.115 0.000 0.220 0.004 
520 0.092 0.104 0.000 0.217 0.001 
524 0.083 0.093 0.000 0.217 0.001 
528 0.076 0.084 0.000 0.213 0.000 
532 0.066 0.074 0.000 0.210 0.000 
536 0.061 0.067 0.000 0.207 0.000 
540 0.056 0.060 0.000 0.201 0.000 
544 0.048 0.053 0.000 0.196 0.000 
548 0.044 0.047 0.000 0.189 0.000 
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Table D11. The relative intensity of excitation spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 4 (151 EEMs) from split-half analysis. 
Ex (nm) C1  C2 C3 C4 C5 
250 0.522 0.395 0.344 0.261 0.338 
255 0.444 0.344 0.244 0.241 0.283 
260 0.383 0.298 0.170 0.248 0.271 
265 0.323 0.249 0.117 0.256 0.281 
270 0.269 0.205 0.095 0.264 0.304 
275 0.220 0.164 0.097 0.261 0.319 
280 0.184 0.129 0.117 0.253 0.325 
285 0.160 0.103 0.144 0.239 0.311 
290 0.147 0.085 0.168 0.217 0.283 
295 0.135 0.074 0.191 0.195 0.241 
300 0.123 0.071 0.209 0.174 0.199 
305 0.113 0.075 0.226 0.160 0.167 
310 0.103 0.086 0.244 0.155 0.141 
315 0.092 0.102 0.259 0.152 0.121 
320 0.077 0.120 0.263 0.149 0.104 
325 0.057 0.133 0.263 0.145 0.066 
330 0.040 0.148 0.254 0.141 0.040 
335 0.027 0.165 0.243 0.137 0.025 
340 0.019 0.181 0.226 0.134 0.014 
345 0.011 0.192 0.205 0.131 0.003 
350 0.005 0.200 0.183 0.131 0.000 
355 0.000 0.205 0.158 0.130 0.000 
360 0.000 0.203 0.123 0.124 0.000 
365 0.000 0.195 0.088 0.115 0.000 
370 0.000 0.176 0.055 0.104 0.000 
375 0.000 0.159 0.030 0.097 0.000 
380 0.000 0.144 0.011 0.095 0.000 
385 0.000 0.128 0.000 0.096 0.002 
390 0.000 0.110 0.000 0.101 0.000 
395 0.000 0.091 0.000 0.103 0.000 
400 0.000 0.071 0.000 0.100 0.000 
405 0.000 0.054 0.000 0.097 0.000 
410 0.000 0.040 0.000 0.092 0.000 
415 0.000 0.027 0.000 0.086 0.000 
420 0.000 0.017 0.000 0.082 0.000 
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Table D11 (continued). The relative intensity of excitation spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 4 (151 EEMs) from split-half analysis. 
Ex (nm) C1  C2 C3 C4 C5 
425 0.000 0.006 0.000 0.078 0.000 
430 0.000 0.000 0.000 0.071 0.000 
435 0.000 0.000 0.000 0.058 0.000 
440 0.000 0.000 0.000 0.045 0.000 
445 0.000 0.000 0.000 0.035 0.000 
450 0.000 0.000 0.000 0.030 0.000 
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Table D12. The relative intensity of emission spectra (loading) of five PARAFAC components 
(C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) using the dataset 
of individual half No. 4 (151 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
320 0.004 0.000 0.000 0.000 0.147 
324 0.005 0.000 0.000 0.000 0.173 
328 0.007 0.000 0.000 0.000 0.187 
332 0.009 0.000 0.000 0.000 0.198 
336 0.012 0.001 0.000 0.000 0.219 
340 0.017 0.000 0.004 0.001 0.234 
344 0.022 0.000 0.009 0.000 0.244 
348 0.028 0.000 0.022 0.000 0.250 
352 0.034 0.000 0.042 0.000 0.256 
356 0.041 0.000 0.063 0.000 0.245 
360 0.050 0.000 0.083 0.000 0.232 
364 0.060 0.000 0.098 0.000 0.226 
368 0.071 0.000 0.116 0.000 0.212 
372 0.082 0.000 0.135 0.000 0.207 
376 0.094 0.000 0.150 0.000 0.198 
380 0.112 0.000 0.172 0.000 0.196 
384 0.122 0.000 0.187 0.000 0.182 
388 0.138 0.000 0.208 0.000 0.173 
392 0.151 0.008 0.223 0.000 0.163 
396 0.159 0.023 0.233 0.000 0.153 
400 0.172 0.040 0.247 0.000 0.146 
404 0.181 0.059 0.255 0.001 0.138 
408 0.188 0.078 0.257 0.008 0.126 
412 0.194 0.099 0.256 0.018 0.115 
416 0.195 0.118 0.249 0.030 0.102 
420 0.198 0.137 0.242 0.040 0.092 
424 0.198 0.155 0.233 0.051 0.086 
428 0.196 0.171 0.221 0.062 0.079 
432 0.197 0.185 0.208 0.072 0.073 
436 0.195 0.196 0.195 0.083 0.067 
440 0.191 0.206 0.179 0.093 0.063 
444 0.188 0.215 0.163 0.102 0.058 
448 0.185 0.223 0.148 0.115 0.055 
452 0.183 0.230 0.133 0.124 0.052 
456 0.176 0.230 0.117 0.134 0.051 
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Table D12 (continued). The relative intensity of emission spectra (loading) of five PARAFAC 
components (C1-C5) identified from Model No. 1 (feed, permeate, and concentrate samples) 
using the dataset of individual half No. 4 (151 EEMs) from split-half analysis.  
Em (nm) C1  C2 C3 C4 C5 
460 0.174 0.233 0.103 0.143 0.047 
464 0.169 0.231 0.089 0.154 0.045 
468 0.166 0.230 0.077 0.165 0.042 
472 0.160 0.223 0.065 0.171 0.040 
476 0.158 0.218 0.054 0.181 0.035 
480 0.151 0.209 0.044 0.189 0.033 
484 0.147 0.199 0.035 0.197 0.027 
488 0.142 0.190 0.027 0.203 0.024 
492 0.136 0.178 0.020 0.208 0.019 
496 0.130 0.167 0.014 0.211 0.016 
500 0.124 0.158 0.008 0.215 0.014 
504 0.118 0.147 0.004 0.218 0.012 
508 0.112 0.137 0.000 0.220 0.009 
512 0.104 0.125 0.000 0.219 0.008 
516 0.099 0.114 0.000 0.219 0.004 
520 0.093 0.103 0.000 0.216 0.001 
524 0.083 0.092 0.000 0.216 0.001 
528 0.077 0.083 0.000 0.212 0.000 
532 0.067 0.073 0.000 0.209 0.000 
536 0.062 0.066 0.000 0.206 0.000 
540 0.057 0.059 0.000 0.200 0.000 
544 0.049 0.052 0.000 0.195 0.000 
548 0.044 0.045 0.000 0.188 0.000 
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Table D13. The relative intensity of excitation spectra (loading) of two PARAFAC components 
(C6-C7) identified from Model No. 2 (foulant layers) using the dataset of the whole dataset (151 
EEMs), individual half No. 1 (37 EEMs), individual half No. 2 (38 EEMs), individual half No. 3 
(38 EEMs), and individual half No. 4 (38 EEMs) from split-half analysis. 
Ex 
(nm) 
Whole Dataset 
Split Half No. 
1 
Split Half No. 
2 
Split Half No. 
3 
Split Half No. 
4 
C6 C7 C6 C7 C6 C7 C6 C7 C6 C7 
250 0.520 0.204 0.522 0.204 0.518 0.204 0.518 0.202 0.522 0.206 
255 0.433 0.227 0.429 0.225 0.436 0.228 0.436 0.226 0.429 0.227 
260 0.360 0.269 0.362 0.268 0.359 0.269 0.358 0.270 0.362 0.267 
265 0.303 0.307 0.303 0.305 0.303 0.310 0.302 0.308 0.304 0.307 
270 0.264 0.354 0.263 0.350 0.265 0.358 0.263 0.356 0.265 0.352 
275 0.234 0.382 0.232 0.379 0.235 0.385 0.233 0.384 0.234 0.380 
280 0.216 0.395 0.215 0.395 0.217 0.396 0.216 0.396 0.216 0.394 
285 0.206 0.368 0.205 0.368 0.206 0.367 0.206 0.368 0.205 0.367 
290 0.197 0.309 0.198 0.313 0.196 0.306 0.198 0.308 0.196 0.311 
295 0.189 0.228 0.191 0.234 0.187 0.223 0.190 0.226 0.189 0.231 
300 0.181 0.172 0.183 0.179 0.178 0.164 0.182 0.168 0.180 0.176 
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Table D14. The relative intensity of emission spectra (loading) of two PARAFAC components 
(C6-C7) identified from Model No. 2 (foulant layers) using the dataset of the whole dataset (151 
EEMs), individual half No. 1 (37 EEMs), individual half No. 2 (38 EEMs), individual half No. 3 
(38 EEMs), and individual half No. 4 (38 EEMs) from split-half analysis. 
Em 
(nm) 
Whole Dataset 
Split Half No. 
1 
Split Half No. 
2 
Split Half No. 
3 
Split Half No. 
4 
C6 C7 C6 C7 C6 C7 C6 C7 C6 C7 
320 0.008 0.228 0.009 0.229 0.007 0.227 0.009 0.228 0.007 0.229 
322 0.008 0.249 0.008 0.250 0.008 0.248 0.009 0.249 0.008 0.249 
324 0.008 0.243 0.008 0.244 0.008 0.242 0.009 0.243 0.007 0.244 
326 0.008 0.236 0.008 0.237 0.008 0.235 0.009 0.237 0.008 0.235 
328 0.008 0.241 0.008 0.241 0.009 0.241 0.009 0.241 0.008 0.241 
330 0.009 0.234 0.008 0.234 0.009 0.234 0.009 0.234 0.008 0.233 
332 0.009 0.230 0.008 0.230 0.010 0.230 0.010 0.231 0.009 0.230 
334 0.011 0.226 0.009 0.226 0.012 0.226 0.011 0.226 0.010 0.226 
336 0.012 0.223 0.011 0.223 0.012 0.224 0.012 0.224 0.011 0.223 
338 0.013 0.218 0.012 0.217 0.013 0.218 0.013 0.218 0.012 0.217 
340 0.015 0.211 0.014 0.211 0.016 0.212 0.015 0.212 0.015 0.211 
342 0.017 0.213 0.016 0.213 0.018 0.214 0.018 0.213 0.017 0.213 
344 0.019 0.196 0.018 0.195 0.019 0.196 0.019 0.196 0.018 0.195 
346 0.022 0.195 0.021 0.195 0.022 0.195 0.022 0.195 0.021 0.195 
348 0.024 0.183 0.023 0.182 0.024 0.183 0.024 0.183 0.023 0.182 
350 0.025 0.172 0.025 0.171 0.026 0.172 0.026 0.172 0.025 0.171 
352 0.029 0.171 0.029 0.171 0.029 0.172 0.029 0.171 0.029 0.172 
354 0.031 0.159 0.031 0.158 0.031 0.159 0.031 0.158 0.030 0.159 
356 0.034 0.152 0.034 0.152 0.034 0.152 0.034 0.152 0.033 0.152 
358 0.036 0.141 0.036 0.141 0.036 0.141 0.036 0.141 0.035 0.141 
360 0.039 0.133 0.039 0.133 0.039 0.133 0.039 0.133 0.038 0.134 
362 0.041 0.125 0.041 0.125 0.041 0.125 0.041 0.124 0.041 0.125 
364 0.044 0.116 0.044 0.116 0.043 0.116 0.044 0.116 0.043 0.116 
366 0.045 0.106 0.046 0.106 0.045 0.105 0.046 0.105 0.045 0.106 
368 0.048 0.098 0.049 0.099 0.048 0.098 0.049 0.098 0.048 0.099 
370 0.050 0.090 0.050 0.090 0.049 0.090 0.050 0.089 0.049 0.091 
372 0.054 0.085 0.054 0.084 0.053 0.085 0.054 0.084 0.053 0.085 
374 0.058 0.080 0.058 0.080 0.058 0.080 0.058 0.080 0.057 0.081 
376 0.058 0.072 0.058 0.072 0.058 0.072 0.058 0.072 0.058 0.073 
378 0.062 0.067 0.061 0.067 0.062 0.067 0.062 0.067 0.062 0.068 
380 0.066 0.064 0.066 0.063 0.066 0.064 0.066 0.063 0.066 0.064 
382 0.066 0.057 0.066 0.057 0.066 0.057 0.067 0.057 0.066 0.058 
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Table D14 (continued). The relative intensity of emission spectra (loading) of two PARAFAC 
components (C6-C7) identified from Model No. 2 (foulant layers) using the dataset of the whole 
dataset (151 EEMs), individual half No. 1 (37 EEMs), individual half No. 2 (38 EEMs), 
individual half No. 3 (38 EEMs), and individual half No. 4 (38 EEMs) from split-half analysis. 
Em 
(nm) 
Whole Dataset 
Split Half No. 
1 
Split Half No. 
2 
Split Half No. 
3 
Split Half No. 
4 
C6 C7 C6 C7 C6 C7 C6 C7 C6 C7 
384 0.070 0.053 0.070 0.053 0.070 0.053 0.070 0.052 0.069 0.053 
386 0.074 0.049 0.074 0.049 0.074 0.049 0.074 0.048 0.074 0.049 
388 0.077 0.044 0.076 0.044 0.077 0.044 0.077 0.043 0.076 0.044 
390 0.079 0.040 0.079 0.040 0.079 0.040 0.079 0.040 0.079 0.041 
392 0.082 0.037 0.082 0.038 0.082 0.037 0.082 0.037 0.082 0.038 
394 0.085 0.035 0.085 0.035 0.085 0.035 0.085 0.035 0.085 0.035 
396 0.087 0.033 0.087 0.033 0.087 0.033 0.088 0.032 0.087 0.033 
398 0.091 0.032 0.091 0.031 0.091 0.032 0.092 0.031 0.091 0.032 
400 0.095 0.030 0.096 0.030 0.095 0.031 0.096 0.030 0.095 0.031 
402 0.100 0.030 0.100 0.029 0.100 0.030 0.100 0.029 0.100 0.030 
404 0.101 0.028 0.101 0.028 0.102 0.028 0.102 0.028 0.101 0.028 
406 0.104 0.026 0.104 0.026 0.105 0.027 0.105 0.026 0.104 0.027 
408 0.107 0.025 0.107 0.025 0.107 0.025 0.107 0.025 0.107 0.026 
410 0.109 0.024 0.109 0.023 0.109 0.024 0.109 0.023 0.109 0.024 
412 0.113 0.023 0.113 0.023 0.113 0.023 0.114 0.023 0.113 0.023 
414 0.116 0.022 0.116 0.022 0.116 0.022 0.117 0.022 0.116 0.022 
416 0.117 0.021 0.117 0.021 0.117 0.021 0.117 0.021 0.117 0.021 
418 0.120 0.019 0.120 0.020 0.120 0.020 0.120 0.019 0.120 0.020 
420 0.121 0.019 0.121 0.019 0.121 0.019 0.121 0.019 0.120 0.019 
422 0.121 0.018 0.122 0.018 0.121 0.018 0.122 0.018 0.121 0.019 
424 0.123 0.018 0.123 0.018 0.123 0.018 0.124 0.018 0.123 0.018 
426 0.126 0.017 0.126 0.018 0.126 0.017 0.127 0.017 0.126 0.018 
428 0.126 0.017 0.126 0.017 0.126 0.017 0.126 0.017 0.126 0.017 
430 0.127 0.016 0.128 0.016 0.127 0.016 0.127 0.016 0.127 0.016 
432 0.129 0.016 0.129 0.016 0.129 0.016 0.129 0.015 0.129 0.016 
434 0.131 0.015 0.131 0.015 0.131 0.015 0.131 0.015 0.131 0.015 
436 0.130 0.014 0.130 0.014 0.129 0.014 0.130 0.014 0.129 0.014 
438 0.127 0.014 0.127 0.014 0.127 0.013 0.127 0.013 0.127 0.014 
440 0.129 0.013 0.129 0.014 0.129 0.013 0.130 0.013 0.129 0.013 
442 0.129 0.012 0.129 0.012 0.129 0.012 0.129 0.012 0.129 0.012 
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Table D14 (continued). The relative intensity of emission spectra (loading) of two PARAFAC 
components (C6-C7) identified from Model No. 2 (foulant layers) using the dataset of the whole 
dataset (151 EEMs), individual half No. 1 (37 EEMs), individual half No. 2 (38 EEMs), 
individual half No. 3 (38 EEMs), and individual half No. 4 (38 EEMs) from split-half analysis. 
Em 
(nm) 
Whole Dataset 
Split Half No. 
1 
Split Half No. 
2 
Split Half No. 
3 
Split Half No. 
4 
C6 C7 C6 C7 C6 C7 C6 C7 C6 C7 
444 0.129 0.012 0.129 0.012 0.129 0.011 0.129 0.011 0.129 0.012 
446 0.129 0.011 0.129 0.012 0.129 0.011 0.129 0.011 0.129 0.012 
448 0.130 0.010 0.130 0.011 0.130 0.010 0.130 0.010 0.130 0.010 
450 0.130 0.010 0.130 0.011 0.130 0.009 0.130 0.009 0.130 0.010 
452 0.130 0.009 0.130 0.010 0.130 0.008 0.130 0.009 0.130 0.009 
454 0.128 0.009 0.128 0.009 0.128 0.008 0.128 0.008 0.128 0.009 
456 0.127 0.008 0.127 0.009 0.127 0.008 0.127 0.008 0.127 0.009 
458 0.127 0.008 0.127 0.008 0.127 0.007 0.127 0.007 0.127 0.008 
460 0.127 0.007 0.127 0.008 0.127 0.006 0.127 0.007 0.127 0.007 
462 0.125 0.006 0.125 0.007 0.125 0.006 0.125 0.006 0.125 0.007 
464 0.125 0.006 0.125 0.007 0.125 0.005 0.125 0.006 0.125 0.007 
466 0.124 0.005 0.123 0.006 0.124 0.004 0.124 0.005 0.124 0.006 
468 0.124 0.005 0.124 0.006 0.124 0.004 0.124 0.005 0.125 0.005 
470 0.123 0.004 0.123 0.005 0.123 0.004 0.123 0.004 0.123 0.005 
472 0.121 0.004 0.121 0.005 0.121 0.003 0.121 0.004 0.122 0.004 
474 0.120 0.004 0.121 0.004 0.120 0.003 0.120 0.003 0.120 0.004 
476 0.120 0.003 0.120 0.004 0.121 0.002 0.121 0.003 0.120 0.004 
478 0.119 0.003 0.119 0.003 0.119 0.002 0.119 0.002 0.119 0.003 
480 0.117 0.002 0.118 0.003 0.117 0.002 0.118 0.002 0.117 0.003 
482 0.118 0.000 0.118 0.001 0.118 0.000 0.118 0.000 0.119 0.000 
484 0.117 0.000 0.117 0.001 0.117 0.000 0.117 0.000 0.117 0.001 
486 0.115 0.000 0.115 0.001 0.115 0.000 0.115 0.000 0.115 0.000 
488 0.114 0.000 0.114 0.001 0.114 0.000 0.114 0.000 0.115 0.000 
490 0.113 0.000 0.113 0.001 0.113 0.000 0.113 0.000 0.113 0.000 
492 0.112 0.000 0.112 0.000 0.112 0.000 0.112 0.000 0.112 0.000 
494 0.110 0.000 0.110 0.000 0.110 0.000 0.109 0.000 0.110 0.000 
496 0.108 0.000 0.108 0.000 0.108 0.000 0.108 0.000 0.109 0.000 
498 0.106 0.000 0.107 0.000 0.106 0.000 0.106 0.000 0.107 0.000 
500 0.106 0.000 0.106 0.000 0.105 0.000 0.105 0.000 0.106 0.000 
502 0.103 0.000 0.103 0.000 0.103 0.000 0.103 0.000 0.103 0.000 
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Table D14 (continued). The relative intensity of emission spectra (loading) of two PARAFAC 
components (C6-C7) identified from Model No. 2 (foulant layers) using the dataset of the whole 
dataset (151 EEMs), individual half No. 1 (37 EEMs), individual half No. 2 (38 EEMs), 
individual half No. 3 (38 EEMs), and individual half No. 4 (38 EEMs) from split-half analysis. 
Em 
(nm) 
Whole Dataset 
Split Half No. 
1 
Split Half No. 
2 
Split Half No. 
3 
Split Half No. 
4 
C6 C7 C6 C7 C6 C7 C6 C7 C6 C7 
504 0.102 0.000 0.102 0.000 0.102 0.000 0.102 0.000 0.103 0.000 
506 0.101 0.000 0.101 0.000 0.101 0.000 0.100 0.000 0.101 0.000 
508 0.099 0.000 0.099 0.000 0.099 0.000 0.099 0.000 0.100 0.000 
510 0.097 0.000 0.097 0.000 0.097 0.000 0.097 0.000 0.097 0.000 
512 0.095 0.000 0.094 0.000 0.095 0.000 0.094 0.000 0.095 0.000 
514 0.093 0.000 0.093 0.000 0.093 0.000 0.093 0.000 0.093 0.000 
516 0.092 0.000 0.092 0.000 0.092 0.000 0.091 0.000 0.092 0.000 
518 0.090 0.000 0.090 0.000 0.090 0.000 0.090 0.000 0.090 0.000 
520 0.088 0.000 0.088 0.000 0.088 0.000 0.088 0.000 0.089 0.000 
522 0.086 0.000 0.085 0.000 0.086 0.000 0.085 0.000 0.086 0.000 
524 0.084 0.000 0.083 0.000 0.084 0.000 0.083 0.000 0.084 0.000 
526 0.082 0.000 0.082 0.000 0.082 0.000 0.082 0.000 0.082 0.000 
528 0.080 0.000 0.080 0.000 0.080 0.000 0.080 0.000 0.080 0.000 
530 0.079 0.000 0.079 0.000 0.079 0.000 0.079 0.000 0.079 0.000 
532 0.075 0.000 0.075 0.000 0.075 0.000 0.074 0.000 0.075 0.000 
534 0.073 0.000 0.073 0.000 0.074 0.000 0.073 0.000 0.074 0.000 
536 0.072 0.000 0.072 0.000 0.073 0.000 0.072 0.000 0.073 0.000 
538 0.071 0.000 0.071 0.000 0.071 0.000 0.071 0.000 0.071 0.000 
540 0.070 0.000 0.069 0.001 0.070 0.000 0.069 0.000 0.069 0.001 
542 0.066 0.000 0.065 0.001 0.066 0.000 0.066 0.000 0.066 0.001 
544 0.065 0.000 0.064 0.001 0.065 0.000 0.065 0.000 0.064 0.001 
546 0.063 0.001 0.063 0.001 0.064 0.000 0.063 0.000 0.063 0.001 
548 0.062 0.001 0.061 0.002 0.062 0.000 0.062 0.000 0.061 0.002 
550 0.060 0.001 0.060 0.002 0.061 0.001 0.061 0.001 0.060 0.002 
 
 
 
